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L  INTRODUCTION 


A  complete  understanding  of  a  given  electrochemical  reaction  needs  to  take 
into  account  all  the  physical  and  chemical  interactions  that  arise  between  an 
electrified  surface  and  the  constituents  of  the  electrolytic  environment.  Such 
interactions  will  depend  upon  the  parameters  which  control  the  properties  of  the 
electrode-solution  interface;  these  include  solvent,  electrolyte,  electrode  potential, 
reactant  concentration,  crystallographic  orientation,  and  surface  electronic 
structure.  The  traditional  approach  to  the  study  of  the  electrode-solution  interface  is 
based  upon  a  thermodynamic  analysis  of  the  interfacial  response  to  perturbations  in 
terms  of  current-charge-potential  measurements.  Analysis  of  results  from  such 
measurements  have  relied  on  phenomenological  models  which  incorporate,  to 
varying  levels  of  approximation,  the  macroscopic  interfacial  parameters,  devoid  of 
atomic-level  specificity. 

The  need  for  an  atomic-level  perspective  of  electrochemical  processes  is  now 
well  established  [1-7].  While  it  is  true  that  a  great  deal  is  now  known  about 
heterogeneous  processes  at  gas-solid  interfaces,  it  should  be  noted  that  barely  two 
decades  ago,  these  fields  were  beset  by  problems  remarkably  similar  to  those 
presently  facing  interfacial  electroanalytical  chemistry.  For  example,  research  in 
vacuum-solid  surface  science  traditionally  employed  work  function  measurements 
and  thermal  desorption  spectroscopy  which,  respectively  analogous  to 
electrochemical  capacitance  measurements  and  cyclic  voltammetry,  do  not  yield 
atomic-level  information.  Thus,  basic  questions,  such  as  the  chemical  nature  of  the 
adsorbed  species  or  tiie  atomic  geometry  of  the  adsorbate- substrate  interface,  could 
not  be  answered  by  data  provided  by  these  methods.  It  was  not  until  the 
development  of  powerful  surface-specific  experimental  [8-13]  and  theoretical  [14-21] 
tools  that  tremendous  gains  in  the  study  of  the  gas-soUd  interface  were  achieved. 
This  overwhelming  success  motivated  the  adaptation  of  such  surface-sensitive 
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probes  to  the  study  of  the  electrode-solution  interface  [22-28]. 

Most  of  these  methods  are  based  upon  the  mass-analysis  of  molecules  or  the 
energy- analysis  of  electrons,  ions,  or  atoms  scattered/emitted  from  solid  surfaces. 
The  shallow  escape  depths  of  these  particles  make  their  use  most  suitable  for 
interfacial  studies  since  the  information  they  bear  is  characteristic  of  the  near¬ 
surface  layers;  on  the  other  hand,  their  short  mean-free  paths  necessitate  a  high 
vacuum  environment.  The  application  of  such  techniques  to  electrochemical  systems 
requires  that  the  interfacial  characterization  be  performed  outside  the 
electrochemical  cell;  the  results  obtained  have  been  so  dramatic  in  atomic-level 
detail.  A  comprehensive  review  of  the  UHV-EC  approach  has  recently  been 

published  [28]. 

2.  EXPERIMENTAL  PROTOCOLS 
A-  Electrode-surface  preparation 

While  many  vacuum-based  surface  analytical  methods  do  not  require  the  use 
of  single-crystal  surfaces,  for  fundamental  work  such  as  those  that  perform  surface 
crystallographic  measurements,  the  use  of  uniform  (monocrystalline)  surfaces 
becomes  a  desirable  component.  In  such  atomic-level  investigations,  the  preparation 
and  verification  of  clean  and  well-ordered  electrode  surfaces  constitute  critical 
initial  steps.  The  low-index  surface  crystallographic  faces,  such  as  the  (111),  (HO), 
and  (100)  planes  of  face-centered  cubic  crystals,  have  been  widely  used  because  of 
their  low  surface  free  energies,  high  symmetries,  and  relative  stabilities.  In 
addition,  it  can  be  argued  that  the  resultant  macroscopic  behavior  of  smooth 
polycrystalline  electrodes  can  be  constructed  in  terms  of  the  individual  properties  of 
these  three  surface  planes  [8,29-35]. 

Three  procedures  have  been  used  to  prepare  oriented  monocrystalline 
electrode  surfaces.  In  one  method,  single-crystal  rods  or  boules,  usually  grown  by 
zone-refining,  are  oriented  by  the  Laue  back-reflection  technique  [36]  and  then  cut 
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along  the  desired  crystal  face.  A  second  procedure  is  based  on  the  fact  that  sphencal 
single  crystals  are  obtained  when  a  polycrystalline  Pt  wire  is  melted  in  a  gas-oxygen 
flame  [33,37].  Metallographic  polishing  is  subsequently  performed  on  the  oriented 
crystals  obtain  a  uniformly  smooth  surface.  The  oriented  and  polished 
monocrystalline  microelectrodes  are  re-annealed  at  near-melting  temperatures  to 
repair  the  damaged  selvedge.  A  third  scheme,  limited  to  (111)  faces,  involves 
epitaxial  growth  by  vapor  deposition  onto  a  hot  (400*C)  mica  substrate.  Atomically 
smooth  and  well-ordered  Audll)  and  Agdll)  single-crystal  thin-film  electrodes 

have  been  prepared  in  this  manner  [38-40]. 

If  the  entire  single-crystal  electrode  is  to  be  immersed  in  solution  for 
electrochemical  experiments,  it  is  necessary  to  prepare  a  parallelipiped  crystal  in 
which  all  six  faces  are  oriented  identically.  It  is  possible  to  fabricate  an 
electrochemical  cell  such  that  only  one  oriented  face  will  be  in  contact  with 
electrolyte.  This  configuration  would  permit  the  use  of  a  disc  electrode  (in  which 
only  one  face  is  oriented  and  polished)  or  a  multi-faceted  crystal  (in  which  each  face 

represents  a  distinct  crystallographic  orientation). 

The  oriented  single  crystal  electrodes  require  further  pretreatment  before 
reliably  clean  and  ordered  surfaces  are  obtained.  There  are  two  general  schemes: 
one  employs  high  temperatures  (thermal  annealing)  [8-11,22-28],  the  other  applies 
electrode  potentials  (electrochemical  annealing)  [41-46].  Thermal  annealing  in  UHV 
serves  a  dual  purpose:  to  segregate  bialk  contaminants  onto  the  surface  (where  they 
can  be  oxidatively  desorbed  or  sputtered  away),  and  to  obtain  atomic  smoothness. 
Surface  analysis  is  subsequently  performed  to  ascertain  interfacial  structure  and 
composition;  surfaces  subjected  to  such  analysis  are  considered  truly  well-defined. 
Interfacial  characterization  at  a  qualitative  level  can  be  done  by  voltammetnc 
methods  if  reference  data  for  well-characterized  electrode  surfaces  are  available 
[32,47-49].  Electrochemical  annealing  is  based  on  the  possibility  that,  at  appropriate 
potentials,  disordered  interfacial  atoms  can  either  be  activated  to  diffuse  to  stable 
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(ordered)  sites  or  be  dissolved  to  expose  ordered  layers  (electropolishing).  Electrode 
potential-induced  surface  reconstruction  [41]  may  occur  unassisted  or  assisted  by 
electrolyte.  The  electrochemical  ordering  of  Au  (111)  electrodes  by  sequential 
voltammetric  scans  between  the  oxygen  and  hydrogen  evolution  regions  [50,51]  is 
an  example  of  the  former  case.  The  ordering  of  Pd(lll)  surfaces  by  potentiodynamic 
scans  in  the  region  where  the  iodide  electrolyte  undergoes  reversible  oxidative 
adsorption/reductive  desorption  is  electrolyte-assisted  since  it  is  the  strong 
chemisorption  of  iodine  which  provides  the  driving  force  in  the  disorder-to-order 
surface  reconstruction  [42-44].  Subsequent  cathodic  desorption  of  the  absorbed 
iodine  yields  a  clean  and  well-ordered  Pd(lll)  surface  [42].  In  the  electrochemical 
annealing  of  Au(lll)  and  Pd(lll),  no  electrode  dissolution  occurs,  as  opposed  to 
microscopic  electropolishing  exhibited  by  reactive  materials  such  as  Ag  (in 
NaCN/H202  solution  [45])  or  Cu  in  acidic  media  [46]  in  which  the  damaged  surface 

layers  are  anodically  etched  away. 

The  preservation  of  the  single  crystallinity  of  electrode  surfaces  is  also  an 
important  consideration.  In  most  cases,  conditions  are  known  at  which  the  surface 
single  crystallinity  can  be  maintained.  For  example,  the  single-crystal  surface 
structure  remains  unchanged  unless  excursions  are  made  to  potentials  which  lead 
to  extensive  surface-oxide  formation  [32,42-44,52-55].  However,  even  if  surface- 
oxidation  potentials  are  averted,  prolonged  exposure  to  electrolytic  solutions 
invariably  results  in  the  accumulation  of  surface  impurities.  In  UHV-EC 
experiments,  the  regeneration  of  clean  and  ordered  single-crystal  surfaces  from 
spent  electrodes  consists  of  high-temperature  oxygenation  or  Ar+  ion  sputtering 
followed  by  a  thermal  treatment  to  restore  atomic  smoothness.  In  situ  reordering 
options  exist  for  other  materials:  Cu(lll)  by  microscopic  electropoUshing  [45,46], 
Au(lll)  and  Pd(lll)  by  electrochemical  annealing  [42-44,50,51]. 

B.  Interfacial  characterization  techniques 
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The  cleanliness  and  single  crystallinity  of  electrode  surfaces  cannot  simply  be 
assumed  even  if  the  preparative  steps  outlined  above  are  followed.  The  verification 
or  identification  of  initial,  intermediate,  and  final  interfacial  structures  and 
compositions  is  an  essential  ingredient  in  electrochemical  surface  science.  Except  for 
voltammetry  of  electrosorption/desorption  reactions  and  coulometry  of  adsorbate 
redox  reactions,  interfacial  characterization  in  UHV-EC  studies  rely  largely  on  ex 
situ  surface-sensitive  methods  that  have  been  used  with  tremendous  success  in  gas- 
solid  interfacial  studies.  Although  a  myriad  of  surface-sensitive  analytical 
techniques  are  currently  available  [8-13],  those  actually  employed  in  UHV-EC 
experiments  have  been  limited  to  low-energy  electron  diffraction.  Auger  electron 
spectroscopy.  X-ray  photoelectron  spectroscopy,  high-resolution  electron  energy  loss 
spectroscopy,  reflection  high-energy  electron  diffraction,  work-function  changes,  and 

thermal  desorption  mass  spectrometry. 

(i)  Surface  spectroscopy  with  low-energy  electrons.  The  main  difficulty  in  the 
surface  characterization  of  single- crystal  surfaces  lies  in  the  exceedingly  low 
population  of  surface  atoms  (IQiS  atoms  cm-2)  relative  to  that  of  bulk  speaes  (1023 
atoms  cm-3).  Experiments  intended  to  examine  the  physical  and  chemical  properties 
of  surfaces  must  employ  methods  that  interact  only  with  the  interfacial  layers.  The 
majority  of  interfacial  characterization  techniques  [8-13]  takes  advantage  of  the 
unique  surface  sensitivity  of  low-energy  electrons.  This  surface  influence  arises 
because  the  mean  free  path  of  an  electron  through  a  solid  is  dependent  upon  its 
kinetic  energy.  As  shown  in  the  so-called  “universal  curve”  reproduced  in  Figure  1, 
the  electron  mean  ^e  path  falls  to  a  minimum  (4  to  20  A)  when  the  kinetic  energy 
is  between  10  and  500  eV.  This  signifies  that  all  experimental  techniques  based 
upon  the  low-energy  electron  incidence  onto  and/or  emergence  from  surfaces  will 

bear  information  on  the  topmost  surface  layers. 

A  sohd  surface  subjected  to  a  beam  of  electrons  of  incident  or  primary  energy 
Ep  gives  rise  to  the  appearance  of  backscattered  (primary)  and  emitted  (secondary) 
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MEAN  FREE  PATH  (A) 


Fig.  1. 


“Universal  curve 


Electron  mean  free  path  as  a  function 
Reproduced  with  permission  [8]. 


of  electron  kinetic  energy . 


electrons;  the  energy  distribution,  a  plot  of  the  number  of  electrons  N(E)  as  a 
function  of  energy  E,  of  these  electrons  is  shown  in  Figure  2.  This  spectnun  can  be 
divided  into  four  regions  according  to  the  origin  of  the  scattered  electrons:  (i)  True 
secondary  electrons,  created  as  a  result  of  multiple  inelastic  interactions  between 
the  incident  and  bound  electrons;  these  electrons  give  rise  to  the  prominent  broad 
band  at  the  lower  end  of  the  spectrum,  (ii)  Auger  electrons  emitted  and  primary 
electrons  elastically  scattered  due  to  interactions  with  electronic  states  in  the  solid; 
the  small  peaks  in  the  medium-energy  range  of  the  spectrum  are  attributed  to  these 
electrons,  (iii)  Primary  electrons  inelastically  scattered  upon  interactions  with  the 
vibrational  states  of  the  surface;  peaks  resulting  from  these  electrons  reside  close  to 
the  elastic  peak  since  their  energy  losses  are  comparatively  minute,  (iv)  Primary 
electrons  scattered  elastically;  these  electrons,  which  comprise  only  a  few  percent  of 
the  total  incident  electrons,  give  rise  to  the  elastic  peak  at  Ep.  Regions  (ii)  to  (iv)  of 
the  energy  distribution  spectrum  have  been  exploited  in  modem  surface  analysis. 
The  elastic  peak,  for  example,  is  used  in  diffraction  experiments;  the  other  peaks 
provido  information  on  electronic  and  vibrational  structures. 

(ii)  Low-energy  electron  diffraction  (LEED).  In  this  method  [8-13,56,57]  the 
surface  is  irradiated  with  a  monoenergetic  beam  of  electrons  and  the  elastically 
backscattered  electrons  are  collected  onto  a  phosphor  screen.  The  virtue  of  LEED  as 
a  surface  structural  technique  is  a  result  of  the  low  kinetic  energies  used  (50  to  500 
eV)  since:  (i)  the  electron  mean  free  path  is  at  a  minimum  which  affords  LEED  its 
surface  sensitivity;  (ii)  the  de  Broglie  wavelengths,  Xe  »  (150/Ee)^  (where  Eg  is  m 
eV  and  Xg  is  in  A)  "correspond  to  crystal  lattice  dimensions  which  render  the  low- 
energy  electrons  suitable  for  diffraction  studies;  and  (iii)  electron  backscattering  is 
strong  which  minimizes  incident  electron  fluxes  at,  and  subsequent  scattering  from, 
non-surface  layers.  In  LEED,  therefore,  the  presence  (or  absence)  of  diffraction 
patterns  on  the  fluorescent  screen  is  a  consequence  of  the  order  (or  disorder)  of  the 
atomic  arrangements  near  the  surface. 
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The  coherence  width  of  electron  beam  sources  in  LEED  is  typically  100  A. 
That  is.  sharp  diffraction  features  appear  only  if  well-ordered  domains  are  at  least 
(100  A)2  in  size;  diffraction  from  smaller  domains  leads  to  beam  broademng.  The 
locations  of  the  diffracted  beams  define  the  reciprocal  lattice  of  the  real  surface.  The 
real-space  surface  structure  itself  can  be  reconstructed  from  the  real-space  umt  cell 
vectors  generated  from  the  reciprocal  lattice  vectors  according  to  well-known 

relationships  [8-13,56,57]. 

The  analysis  of  LEED  data  based  solely  upon  the  geometry  of  the  dififaction 
spots  provides  information  on  the  periodicity  of  the  electron  scatterers  on  the 
surface.  In  some  favorable  instances,  other  information  such  as  adsorbate  coverages 
or  point  group  symmetries  can  also  be  inferred.  However,  the  actual  location  of  the 
atoms  within  the  surface  lattice  cannot  be  determined  without  an  analysis  of  tbe 
intensities  of  the  diffracted  beams.  Surface  crystallography  by  LEED  can  only  rely 
upon  a  comparison  of  the  measured  diffraction  intensities  with  those  calculated  for 
model  structures.  These  LEED  simulations  are  extremely  difficult  because  of 
complications  brought  about  by  tbe  possibility  of  multiple  electron  scattering  [8- 
13,56,57]. 

For  structures  formed  under  electrochemical  conditions,  only  single¬ 
scattering  (kinematic)  LEED  simulations  for  simple  atomic  adsorbates  have  been 
carried  out;  the  primary  intent  has  simply  been  the  qualitative  verification  of 
proposed  structures.  The  calculations  are  based  on  the  following  equation  [58.59]: 

ls  =  -[jX  aiexp[27ci(XiXs  +  YiYs  +  ZiZs)A€]} 

Is  is  the  intensity  of  each  beam  s  calculated  for  selected  kinetic  energies,  J  the 
number  of  atoms  in  the  unit  mesh,  and  ai  is  the  scattering  factor  of  the  ith  atom.  Xs, 
Ys,  and  Zs  are  the  Cartesian  coordinates  of  the  scattered  beam  where  Zg  =  1  +  cos 
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0d»  ®d  being  the  angle  between  the  incident  and  diffracted  beams. 

There  are  two  schemes  for  the  notation  of  interfacial  adlattice  structures.  The 
matrix  notation,  which  is  applicable  to  any  system,  is  based  upon  the  relationship 
between  the  real-space  lattice  vectors  of  the  adsorbate  mesh  and  the  substrate 
(clean-surface)  mesh  [8-13,56,57].  The  other  method,  known  as  the  Wood  notation 
[36],  is  more  widely  used  but  is  applicable  only  if  the  angle  between  the  adsorbate 
unit  cell  vectors  is  the  same  as  that  between  substrate  unit  mesh  vectors.  The 
surface  structure  is  labeled  using  the  general  form  (nxm)W  or  c(nxm)R(J)“  where  c 
designates  a  centered  unit  cell,  R4)®  the  angle  of  rotation  of  the  adsorbate  umt  cell 
relative  to  the  substrate  imit  mesh,  and  n  and  m  are  scale  factors  relating  the 

adsorbate  and  substrate  umt  cell  vectors 

A  schematic  diagram  of  a  typical  LEED  instrument  is  shown  in  Figure  3  [60]. 
The  LEED  “optics”  consists  of  a  phosphor-coated  hemispherical  screen  at  the  center 
of  which  is  a  normal-incidence,  electrostatically  focused  electron  gun.  In  front  are 
three  concentric  grids;  the  outer  grid  is  held  at  ground  potential,  while  the  inner 
two  are  maintained  at  a  voltage  just  below  that  of  the  electron  gun  in  order  to  reject 
inelastically  backscattered  electrons.  The  elastically  diffracted  electrons  which  pass 
through  the  suppressor  grids  are  accelerated  onto  the  fluorescent  screen  by  a  5  kV 
potential  applied  to  the  screen.  For  quantitative  LEED  intensity  measurements, 
additional  provisions  are  required  such  as  the  use  of  a  movable  Faraday  cup,  a  spot 
photometer,  or  a  computer-interfaced  video  camera. 

The  LEED  pattern  for  an  iodine-coated  Pd(lll)  electrode  surface  is  provided 
as  an  example  in  Figure  4;  included  in  this  figure  is  the  suggested  real-space 
surface  stnicture  of  the  Pd(lllM'^3xA/3)R30®-I  adlattice  [61]. 

(Hi)  Reflection  high-energy  electron  diffraction  (RHEED).  As  a  method  for  the 
determination  of  near-surface  structural  order,  RHEED  [8,11,13,62,63]  represents 
an  alternative  to  LEED.  The  principal  difference  between  the  two  structural 
techniques  is  that,  while  low-energy  electrons  are  utilized  in  LEED,  RHEED 
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Fia  4  LEED  pattern  for  a  Pd(lll)  electrode  coated  with  iodine  from  dilute  aqueoua  Nal; 
^so  shown  is  the  postulated  real-surface  structure.  Reproduced  with  permission  [61]. 


employs  high-energy  (30  to  100  keV)  electrons.  At  such  energies,  the  inelastic  mean- 
free-paths  of  the  incident  electrons  are  long  (100  to  1000  A)  and  only  a  very  small 
fraction  of  electrons  is  backscattered.  To  afford  the  required  surface  sensitivity, 
RHEED  experiments  are  performed  with  very  small  angles  (<  5°)  of  incidence  and 
diffraction.  The  requirements  for  energy  filtering  are  far  less  stringent  m  RHEED 
than  in  LEED  because  of  the  large  energy  difference  between  the  elastically  and 
inelastically  scattered  electrons;  post-acceleration  is  likewise  unnecessary  in 
RHEED  as  the  primary  electrons  are  sufficiently  energetic  to  produce  fluorescence 

on  the  phosphor  screen. 

Figure  5  shows  LEED  and  RHEED  patterns  of  gold  films  evaporated  on  glass 
and  on  mica  [59];  the  film  deposited  on  glass  at  room  temperature  is  rough  but  that 
on  mica  at  elevated  temperatures  is  smooth  and  well-ordered  in  the  (111)  plane.  It 
can  be  seen  in  this  figure  that  ordered-surface  diffraction  is  manifested  in  LEED  by 

distinct  spots  and  in  RHEED  by  sharp  streaks. 

RHEED  is  most  useful  in  studies  related  to  the  structure  and  morphology  of 
thin  films  and  surface  coatings.  It  is  possible  to  monitor  film  formation  continuously 
under  deposition  conditions  since  the  front  of  the  sample  is  ummpeded  by  either  the 
electron  source  or  analyzer  and  is  thus  available  for  placement  of  a  film-deposition 
source.  In  view  of  its  low-scattering-angle  geometry,  RHEED  is  quite  sensitive  to 
surface  asperities.  Dynamical  theories  for  RHEED  have  been  developed  but 
accurate  experimental  data  are  not  available  for  analysis  [8,11,13]. 

(iv)  Auger  electron  spectroscopy  (AES).  AES  is  one  of  the  more  widely  used 
techniques  for  surface  elemental  analysis  [8-13,64-78].  In  the  Auger  process, 
illustrated  schematically  in  Figure  6,  a  core  (K)  level  electron  is  emitted  when  a 
beam  of  electrons,  typically  with  energies  between  2  to  10  keV,  is  impmged  onto  the 
sample  surface.  In  the  decay  process,  an  electron  in  an  upper  (Li)  level  falls  into  the 
vacant  core  level  and  another  electron  in  a  different  upper  (Lm)  level  is  ejected;  the 
second,  emitted,  electron  is  the  Auger  electron  and  this  particular  process  is  labeled 
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_  j  tjmrFn  natterns  for  Au  vapor  deposited  onto  (a)  glass  at  room 

teJ^f^uT^fwS^s  ^OOoC,  and  (c)  mica  at  SeO^C.  Reproduced  with  permission  [. 


as  a  KLiLiii  in  order  to  specify  which  energy  levels  are  involved.  The  kinetic  energy 
of  the  Auger  electron  is  dependent  upon  the  binding  energies  of  the  K,  Li,  and  Lm 
electrons  but  not  upon  the  energy  of  the  incident  or  primary  electrons.  The 
appropriate  relationship  is  given  by: 

ErliLiii  =  Ek  *  Eli  "  ®Lni  ■  ^‘Psp 

where  e  is  the  electronic  charge  and  <psp  the  spectrometer  work  function.  The  exact 
application  of  Equation  (3.9)  must  realize  that  the  energy  difference  is  actually 

between  singly  ionized  (one-hole)  and  doubly  ionized  (two-hole)  binding  energy 
states.  Nevertheless,  ErliLup  as  obtained  from  empirical  spectra  is  characteristic 

of  a  given  atom  which  affords  AES  its  element-specificity.  Since  the  overall  Auger 
process  involves  three  electrons,  AES  is  clearly  not  applicable  for  the  analysis  of  H 
and  He.  It  should  also  be  noted  that,  although  the  incident  electrons  are  of  high 
energies,  AES  is  still  a  surface-sensitive  method  because  the  emitted  Auger 
electrons  are  generally  of  much  lower  energies  and  correspond  to  the  minimum  in 
the  universal  curve  (Figure  1). 

An  inherent  difficulty  in  AES  arises  from  the  fact  that  the  Auger  emission 
peaks  are  actually  of  very  low  intensities  superimposed  on  a  large  secondary 
emission  background  (Figure  2).  The  usual  approach  to  circumvent  this  problem  is 
the  combination  of  electron-energy  analysis  with  suitable  modulation  techniques;  m 
this  manner,  spectra  exclusive  of  the  original  background  can  be  obtained.  The  two 
more  common  energy  analyzers  used  in  AES  are  the  retarding  field  (RFA)  and 
cyUndrical  mirror  analyzers  (CMA).  In  a  multi-technique  instrumentation  that 
includes  LEED,  an  RFA  is  most  affordable  since  it  makes  use  of  the  LEED  optics 
(Figure  3).  Energy  analysis  with  an  RFA  involves  the  application  of  a  voltage  ramp 
to  the  suppressor  grids  such  that  only  electrons  of  energies  higher  than  the  applied 
potential  are  transmitted  through  and  accelerated  onto  the  screen  which  is  kept  at  a 
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•  •  „  The  core  fK)  level  electron  is  that 

p,,.  ejected 

which  IS  ejected  mX^  dL?^ated  as  KLiLm.  Reproduced  with  permission  3. 


(a)  EXCITATION 


( b)  ELECTRON  EMISSION 


high  positive  (1  kV)  voltage.  In  modulated  RFA,  the  retarding  voltage  is  modulated, 
typically  at  1  kHz,  with  a  5  V  (peak-to-peak)  signal.  The  modulated  component  of 
the  signal  arriving  at  the  screen  is  then  passed  to  a  lock-in  amplifier  timed  to  a 
frequency  twice  that  of  the  suppressor  grid  modulation  (second-harmonic).  The  end 
result  is  a  derivative  signal,  dNCEVdE,  devoid  of  the  original  large  background. 

Because  of  important  advantages  over  an  RFA,  such  as  higher  sensitivity  and 
resolution.  Auger  electron  spectroscopy  with  a  CMA  is  now  more  widely  used.  A 
schematic  diagram  of  a  CMA  is  given  in  Figure  7.  Energy  analysis  with  a  CMA  is 
achieved  by  a  negative  ramp  voltage  applied  to  the  outer  cyUnder  while  the  inner 
cylinder  is  held  at  ground.  Only  electrons  of  the  appropriate  energy  can  pass 
unhindered  through  the  CMA  and  into  the  detector  which  is  usually  a  channel 
electron  multiplier.  As  with  modulated  RFA,  the  pass  energy  of  the  CMA  is 
modulated  and  then  synchronously  demodulated  with  a  lock-in  amplifier.  The 
resultant  spectrum  is  also  a  derivative  spectrum.  It  should  be  noted  that  modem 
instruments  now  employ  software-based  modulation  and  filtering.  Tlie  resolution  of 
a  CMA  is  dependent  upon  its  entrance  and  exit  slits;  improved  resolution  can  be 
achieved  by  a  double-pass  CMA.  Improved  resolution  is  also  afforded  by  the  use  of  a 
cylindrical  hemisphere  analyzer  (CHA)  which,  as  described  below,  is  inherently  a 
double-focusing  analyzer. 

A  surface  of  a  given  composition  possesses  a  signature  Auger  dN(E)/dE 
spectrum;  this  renders  AES  a  powerful  technique  for  qualitative  surface  elemental 
analysis.  An  example  is  given  in  Figure  8  for  a  Au(lll)  surface  electrodeposited 
with  Te  prior  to  formation  of  CdTe  [79].  For  quantitative  and/or  molecular 
compositional  analysis  [64-67],  the  derivative  spectrum  is  difficult  to  process.  An 
approach  to  the  collection  of  standard  (non-derivative)  Auger  spectra  involves  pulse 
counting  electronics  or  direct  current  measurements;  spectra  generated  in  this 
manner  have  been  deconvoluted  by  a  fast  Fourier  transform  algorithm  [68,69]  to 
obtain  information  on  chemical  shifts  and  lineshapes.  Changes  in  Auger  Imeshapes 
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Fig.  7.  Schematic  cross  section  of  a  cylindrical  mirror  analyzer.  Ua  is  the  potential  apphed 
between  the  two  coaxial  cylindrical  electrodes,  Ayis  the  angular  spread  of  the  electrons  at 
the  e2ance  slit,  and  i(Ua)  is  the  current  at  the  exit  aperture  Reproduced  with  permission 

noi. 


reflect  modifications  in  the  valence  band  density  of  states. 

The  use  ef  derivaUve  Auger  spectra  for  the  determination  of  adsorbate 

surface  coverages  has  been  the  subject  of  numerous  studies  [89-92],  One  method, 
specifically  used  in  surface  electrochemical  studies,  makes  use  of  the  following 

equation  [74-76]; 


ra  =  — V 

lp<l>cGa 


(3.10) 


where  F,  is  the  absolute  packing  density  of  the  adsorbate  (mole  cm-2),  la  the  Auger 
current  for  the  adsorbate.  Ip  the  primary  beam  current,  the  measured  collection 
efficiency  of  the  Auger  spectrometer,  and  Gp  is  the  calculated  Auger  electron  yield 
factor  [80],  !>  is  obtained  by  double  inUgration  of  the  adsorbate  second-harmonic 
amplitude  A2  corrected  for  the  clean-surface  signal  Ajc  [72,73]; 


I 


a 


(A2  -  (t)bA2c)  dE’  dE 


;o 


(3.11) 


where  <ib  is  the  observed  attenuation  of  the  substrate  signal  by  the  adsorbed  species, 
and  k  is  the  modulation  amplitude.  For  simple  adsorbates  for  which  well- 
characterized  surface  layers  are  available  for  calibration  purposes.  Equation  (3,10) 
can  be  expressed  in^purely  empirical  terms  [75,76]: 


ra  = 


(3.12) 


where  I^m  is  the  Auger  signal  for  the  clean  substrate,  and  Ba  is  a  cahbration  factor, 
(V)  x-ray  photoelectron  spectroscopy  (XPS).  This  technique  [8-13,81,82], 
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originally  referred  to  as  electron  spectroscopy  for  chemical  analysis  (ESCA)  [83]  is 
the  other  widely  used  method  for  surface  compositional  analysis.  In  XPS,  which  is 
based  upon  the  photoelectric  effect,  the  solid  surface  is  irradiated  with  X-rays  which 
results  in  the  ejection  of  a  core-level  electron.  The  kinetic  energy  Enin  of  the  emitted 

photoelectron  is  given  by: 


Emn  =  /iv  -  Eb  -  e(psp 

where  hv  is  the  energy  of  the  incident  X-ray  photon  and  Eb,  within  the  framework 
of  Koopman’s  theorem,  is  the  binding  energy  of  the  core-level  electron.  If  Eb  is  to  be 
referred  to  the  vacuum  level,  the  spectrometer  work  function  (psp  must  be  known. 
For  studies  with  metals,  it  is  more  convenient  to  reference  Eb  with  respect  to  the 
Fermi  level;  the  latter  is  readily  determined  since  it  is  marked  by  the  onset  of 

electron  emission  at  the  highest  kinetic  energy. 

The  XPS  source  consists  of  an  anode  material  which,  upon  bombardment  by 
high-energy  electrons,  emits  X-rays.  The  emitted  radiation  can  be  rendered 
monochromatic  by  Bragg  diffraction  or  by  the  use  of  the  characteristic  emission 
lines  of  the  anode;  for  Mg  and  Al,  commonly  used  as  anodes,  these  Unes  are  1253.6 
eV  (Mg-Ka)  and  1486.6  eV  (Al-Ka),  respectively.  With  the  availability  of 
synchrotron  radiation,  continuous,  high-flux  X-rays  can  be  obtained.  It  is  important 
to  note  that,  for  Eb  <  700  eV  and  using  either  a  Mg  or  Al  source,  the  EKin  of  the 
ejected  photoelectron  will  not  fall  within  the  minimum  of  the  universal  curve.  In 
such  case,  the  surface  sensitivity  of  XPS  becomes  minimal.  This  can  be  remedied 
either  by  the  use  of  near-grazing  incidence  or  by  the  detection  of  electrons  emitted 

at  small  angles  with  respect  to  the  surface  plane. 

To  afford  the  high  resolution  required  for  meaningful  XPS  studies,  energy 

analysis  is  usually  based  upon  a  CHA,  a  diagram  of  which  is  presented  in  Figure  9. 
A  potential  difference  Uk  is  applied  across  the  inner  and  outer  hemispheres  of  radii 
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Fig  9  Schematic  cross  section  of  the  concentric  hemisphere  analyzer.  Reproduced  with 
‘  permission  liuj. 


Ri  and  R2,  respectively.  Electrons  of  energy  cVe  are  focused  at  the  exit  slit  only  if 
the  following  equation  is  satisfied: 


The  CHA  is  double  focusing  since  it  focuses  in  two  planes.  The  resolution  of  a  CHA 
can  be  improved  significantly  by  electron  pre-retardation  with  an  RFA  or  a 
retarding  lens  system.  XPS  has  also  been  performed  with  a  double-pass  CMA. 
Detection  is  t3T)ically  with  a  channel  electron  multiplier.  Due  to  inherently  weak 
intensities,  signal  averaging  and  other  data  processing  routines  are  always 
employed. 

Qualitative  elemental  analysis  of  sample  surfaces  reUes  upon  the  comparison 
of  measured  Eb  values  with  those  for  reference  materials.  Quantitative  analysis  is 
based  on  the  fact  that  the  ionization  cross-section  of  a  core  electron  is  essentially 
independent  of  the  valence  state  of  the  element.  Hence,  the  intensity  will  always  be 
proportional  to  the  number  of  atoms  within  the  detected  volume.  For  quantitative 
purposes,  the  area  under  the  background-corrected  peak  is  taken  as  the  intensity. 
The  intensity  is  a  complicated  function  of  several  parameters  some  of  which  can  be 
eliminated  by  the  use  of  a  reference  state  analyzed  under  identical  conditions  as  the 
sample;  however,  such  favorable  cases  are  infrequent.  If  the  spectrometer  has  a 
small  aperture  and  the  surface  is  imiformly  irradiated,  the  equation  for  the 
intensity  can  be  simplified  to: 

Ia  =  oaDLaJoNa^mGiCOS0i  (3.15) 

where  Ia  is  the  integrated  peak  intensity  for  an  element  A,  oa  the  photoionization 
cross  section,  D  the  spectrometer  detection  efficiency.  La  the  angular  asymmetry  of 
the  emitted  intensity  with  respect  to  the  angle  between  the  incidence  and  detection 
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directions,  J„  the  flux  of  primary  photons.  Na  density  of  atoms  A,  \m  the  escape 
depth  of  the  photoelectron.  Gi  the  spectrometer  transmission,  and  fli  is  the  angle 
between  the  surface  normal  and  the  detection  direction.  The  appUcation  of  Equation 
(3.15)  for  various  adsorbate-substrate  configurations  has  been  the  subject  of 

extensive  discussion  [8-13,84]. 

As  a  surface  elemental  analysis  tool,  XPS  is  complementary  to  AES,  Since  the 
ionization  cross-section  for  an  Auger  process  decreases  with  Eb,  which  in  turn 
increases  with  atomic  number  Z.  AES  is  most  sensitive  to  Z  <  45  elements;  for 
heavier  elemenU.  XPS  provides  higher  sensitivity.  The  one  distinct  advantage  that 
XPS  offers  is  in  the  determination  of  oxidation  states  of  the  elements  under 
examination.  This  is  easily  done  in  XPS  because  the  binding  energies  of  the  core¬ 
level  electrons  are  influenced  by  changes  in  chemical  environment.  In  principle, 
identical  information  can  be  obtained  from  Auger  peak  energy  shifts  and  lineshapes, 
in  practice,  however,  the  extraction  of  such  information  from  raw  derivative  or  non- 

derivative  AES  spectra  is  not  a  trivial  task  [65-69]. 

Example  XPS  spectra,  those  of  a  smooth  polycrystalline  Ir  foil  electrode 

containing  surface  before  and  after  pretreatment  with  iodine,  are  shown  in  Figure 
10-  the  peaks  at  62.1  and  65.2  eV  represent  surface  iridium  oxide  [85]. 

(Vi)  High-^solution  electron  energy  loss  spectroscopy  (HREELS).  Almost  all  of 
the  incident  electrons  impinged  at  a  solid  surface  undergo  inelastic  events  th 
cause  them  to  be  backscattered  at  energies  lower  than  the  primary  energy  Ep.  If  E( 
is  the  energy  lost  to  the  surface,  peaks  would  appear  in  the  energy  distribution 
spectrum  (Figure  2)  at  energies  AE  =  Ep  -  E(.  Such  peaks,  commonly  referred  to  as 
electron  energy  loss  peaks,  are  of  several  types  according  to  the  origin  of  the  energy 
loss;  these  types  include  core-level  ionization,  valence-level  excitations,  plasmon 
losses,  and  vibrational  excitations.  For  the  latter,  the  energy  losses  are  small  since 
Evib  <  4000  cm-1  -  0.5  eV.  Hence,  the  loss  peaks  due  to  vibrational  interactions  at 
AE  =  Evib  lie  close  to  the  elastic  peak  and  can  be  observed  only  if  electron  energy 
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Hg  10.  X-ray  photoelectrorr  spactra  for  a  smooth  polyayst^e  Ir  foU  ela,*^a  before  and 
^  after  pretreatmeiit  with  iodine.  Reproduced  with  permission  [85]. 


XPS  of  Ir  Exposed  to  Aqueous  Kl 


loss  measurements  are  done  at  high  resolution. 

At  solid  surfaces,  there  are  two  mechanisms  that  give  rise  to  vibrational 
HREELS  spectra  [8-13,86,87]:  dipole  scattering  and  impact  scattering.  In  dipole 
scattering,  the  incident  electron  interacts  with  the  oscillating  electric  dipole  moment 
induced  by  the  vibration  of  species  at  the  surface.  Such  interactions  occur  at  long 
range  and  can  be  described  either  classically  or  quantum  mechanically.  Two 
important  selection  rules  apply  for  surface  dipole  scattering:  (i)  Only  vibrations 
whose  dynamic  dipole  moments  perpendicular  to  the  surface  are  non-zero  contribute 
to  HREELS  spectra.  This  selection  rule  is  the  same  as  that  for  surface  infrared 
reflection-absorption  spectroscopy  (IRAS)  [88-102].  (ii)  The  intensity  distribution 
with  respect  to  scattering  angle  is  sharply  peaked  in  the  specular  direction;  that  is, 
loss  peaks  due  to  dipole  scattering  disappear  when  the  backscattered  electrons  are 
collected  at  an  angle  different  from  that  of  the  specularly  reflected  beam. 

The  mechanism  for  impact  scattering  at  solids,  which  can  only  be  treated 
quantum  mechanically,  involves  exceedingly  short-range  interactions  between  the 
incident  electron  and  the  osciUator  at  the  surface.  The  surface  dipole  selection  rules 
do  not  apply  to  impact  scattering.  Theoretical  considerations  have  predicted,  and 
experimental  studies  have  confirmed,  the  following  properties  of  this  type  of 
scattering  mechanism  [86,87]:  (i)  Impact  scattering  vanishes  in  the  specular 
direction;  that  is,  loss  peaks  due  to  impact  scattering  can  be  observed  only  if  the 
scattered  electrons  are  detected  at  angles  removed  from  the  specular  direction.  The 
dependence  of  dipole  and  impact  scattering  on  off-specular  scattering  angle  (9)  is 
demonstrated  by  the  data  in  Figure  11  [103].  (ii)  Impact  scattering  is  more  likely  to 
prevail  at  higher  energies,  (iii)  Strong  dipole  scatters  are  weak  impact  scatterers; 
conversely,  weak  dipole  scatterers  are  strong  impact  scatterers. 

It  is  clear  that  the  combination  of  specular  and  off-specular  HREELS  could 
provide  a  means  for  the  complete  identification  of  the  normal  modes  of  an  adsorbed 
molecular  species;  point  and  space  group  theoretical  considerations  would  of  course 
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Fig.  11.  The  angular  scal^^d 

perptrrriL^i^-«»^^^ 


be  required.  HREELS  is  an  extremely  sensitive  technique.  The  limit  of  detection  for 
strong  dipole  scatterers  such  as  CO  can  be  as  low  as  0.0001  monolayer;  for  weak 
scatterers  such  as  hydrogen,  the  limit  is  0.01  monolayer.  In  comparison,  IRAS  for 
chemisorbed  CO,  a  strong  infrared  absorber,  is  restricted  to  coverages  above  0.1 
monolayer.  HREELS  studies  of  non-CO  organic  molecules  adsorbed  at  atonucally- 
smooth  electrode  surfaces  are  abundant;  similar  experimenU  using  IRAS  are 
meager.  The  energy  accessible  to  HREELS  ranges  from  100  cm'l  to  4000  cm-l; 
present  IRAS  detectors  are  not  usefiil  below  600  cm  L  On  the  other  hand,  IRAS  has 
higher  resolution  (nominally  4  cm-l)  than  HREELS  (at  best  30  cm-l)  and  can  be 
utilized  for  experiments  under  electrochemical  conditions  [92-99,102,104].  Figure  12 
shows  a  schematic  diagram  of  an  HREELS  spectrometer  [105].  The  energy  of 
incident  electrons  can  be  varied  from  1  to  10  eV.  To  afford  high  resolution,  energy 
monochromation  and  analysis  are  done  either  with  a  CMA,  cylindrical  deflector,  or 
spherical  deflector  analyzers  in  combination  with  retarding  field  optics.  Off-specular 
collection  of  the  backscattered  electrons  is  afforded  by  rotation  of  either  the  sample 
or  the  analyzer.  Due  to  extremely  low  signals  (10-10  a),  continuous  dynode  electron 

multiplier  detectors  have  been  recommended. 

(vii)  Work  Function  Measurements.  The  work  function  of  a  umform  crystal 

surface  is  the  work  to  remove  a  Fermi-level  electron  from  the  bulk  to  the  vacuum 
just  outside  the  surface.  This  quantity  is  really  a  difference  in  electrochemical 

potentials  of  the  electron  in  two  places.  In  the  bulk  metal  the  electron  has  an 
electrochemical  potential  p,  which  is  equal  to  the  Fermi  energy  [106,107].  Once  t  e 

electron  is  removed'to  outside  the  crystal  and  is  at  rest,  its  electrochemical  potential 
has  no  entropy  component  and  is  just  the  electrostatic  potential  energy  -eO„.  Here 
is  the  electrostatic  poUntial  just  outside  the  surface,  by  which  is  meant  far 
enough  away  from  the  surface  that  the  electron  does  not  feel  its  image  charge.  Thus 
the  work  function  is  defined  by  [106]: 
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Fie  12  Schematic  drawing  ofa  tandem  cylindrical  deflect^pectrometer  used  for 

HREELS.  Reproduced  with  permission  ^ 


^  =  -e<I>o  -  =  -e(<I>o  -  <I>i)  - 


(3.16) 


where  the  second  form  follows  from  writing  the  electrochemical  potential  as  a  sum 
of  its  chemical  (pe)  and  electrical  (-eOi)  parts.  In  the  second  form  the  bulk 
contribution  pe  is  clearly  separated  from  the  surface  contribution  e(<I>  -  Oi).  Note 
that  the  Fermi  energy  (or  equivalently  the  electrochemical  potential)  is  not  a 
property  only  of  the  bulk,  because  it  contains  the  electrostatic  potential  Oi  inside  the 

metal,  which  is  determined  by  the  surface  dipole  layers. 

In  surface  adsorption  studies,  only  the  surface  dipole  part  e(<I»o  -  ^i)  changes, 

and  consequently  the  change  in  work  function  is  equal  to  the  change  in  this 
quantity;  absolute  work  functions  are  less  important.  For  a  dean  metal  surface,  the 
exponential  decay  of  the  wave  function  into  the  vacuum  (electron  "overspill")  creates 
the  surface  double  layer.  The  dipole  has  the  negative  end  outward,  and  is  dependent 
on  the  surface  crystallography. 

The  adsorption  of  an  electronegative  atom  such  as  oxygen  changes  the 
surface  dipole,  making  the  outside  of  the  crystal  more  negative,  and  thus  mcreasmg 
the  work  function.  Conversely,  an  electropositive  adsorbate  such  as  Cs  increases  the 
work  function.  For  atomic  adsorbates,  the  sign  of  A<t)  is  therefore  correlated  with  the 
direction  of  charge  transfer;  positive  A<})  is  assodated  with  adsorbate  to  substrate 
charge  transfer  and  negative  with  substrate  to  adsorbate  charge  transfer.  This 
reasoning  regarding  charge  transfer  has  been  extended  to  the  case  of  molecular 
adsorbates.  It  shotdd  be  used  with  caution,  however,  because  the  permanent  dipole 
moment  of  the  molecule  is  typically  a  more  important  contributor  to  A(t>  than  the 
surface  chemical  bond.  The  work  function  also  contains  potential  information  about 
the  orientation  of  the  adsorbed  molecule,  since  it  probes  only  the  component  of  the 
dipole  moment  normal  to  the  surface. 

Drawing  quantitative  conclusions  about  adsorbate  structure  and  bonding 
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from  work  function  measurements  is  difficult,  for  several  reasons.  The  work 
function  change  is  often  not  proportional  to  the  number  of  adsorbed  molecules, 
except  at  low  coverages.  Accordingly,  it  reflects  not  only  the  properties  of  individual 
molecules,  but  also  their  interactions;  the  surface  dipoles  mutually  depolarize  one 
another.  Even  at  low  coverages,  the  dipole  moments  of  adsorbed  molecules 
estimated  from  A<t»  are  often  much  smaller  than  gas  phase  dipole  moments.  Subtle 
effects  of  the  energy  levels  involved  in  the  bonding  may  also  be  significant,  as 
evidenced  by  some  systems  in  which  even  the  sign  of  A4>  is  dependent  on  the  type  of 

adsorption  site. 

Nonetheless,  work  function  measurements  lead  to  useful  qualitative 
conclusions,  and  empirical  correlations  between  and  the  nature  of  adsorption 
have  been  established  [8,11,12],  In  studies  of  the  structure  of  the  electrode¬ 
electrolyte  interface,  work  function  change  measuremente  are  invaluable  since  is 
very  sensitive  to  both  the  charge  at  the  electrode  and  the  geometry  of  the 
electrochemical  double-layer  [106,1071.  At  a  simpler  level,  work  function  changes 
are  often  used  to  monitor  adsorption.  After  the  A(|,-i>s-coverage  relationship  is 
established  in  a  calibration  experiment,  A<t  may  then  be  used  as  a  sensitive  measure 
of  surface  coverage.  Abrupt  changes  in  the  slope  of  the  work  function  vs  coverage 
relationship  are  diagnostically  useful  for  changes  in  the  type  of  adsorption,  for 
example  completion  of  an  ordered  quarter  monolayer  structure. 

Experimental  measurements  of^  and  A<}>  have  been  based  upon  the  diode 

method,  field  emission,  contact  potential  difference,  and  the  photoelectric  effect  [11]; 
the  latter  two  are  more  commonly  utilized.  The  photoelectric  method,  which 
measures  absolute  values  of  the  work  function,  is  based  upon  the  determination  of 
the  threshold  energy  hvo  for  photoelectron  ejection;  the  work  function  is  then 
calculated  from  the  equation  /ivo  =  c<!).  The  contact  potential  difference  method, 
which  monitors  changes  in  work  function,  depends  on  the  measurement  of  the 
potential  difference  between  two  plates  in  electrical  contact.  If  one  of  the  plates  is 
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used  as  a  reference  of  constant  work  function,  A*  at  the  other  plate  is  manifested  as 
a  change  in  the  contact  potential.  The  most  common  way  of  measuring  the  change 
in  contact  potential  uses  a  vibrating  tip  close  to  the  surface  as  the  reference  plate 
(the  Kelvin  probe  method).  In  its  balanced  condition  there  is  an  electric-Beld-free 
region  between  the  sample  and  the  tip,  and  no  induced  alternating  current  flows  in 
the  circuit.  Adsorption  leads  to  a  momentary  field,  and  an  alternating  current. 
Electronic  feedback  is  used  to  adjust  the  potential  on  the  sample  until  the  field-free 
condition  again  applies.  The  potential  adjustment  required  is  equal  to  the  change  m 
work  function.  Feedback  time  constants  of  less  than  a  second  are  typical. 

(viU)  Temperature  programmed  desorption  (TPD)  or  thermal  desorption  mass 
spectrometry  (TDMS).  Thermal  desorption  techniques  [8,11-13]  exploit  the  fact  that 
species  adsorbed  on  a  surface  will  desorb  at  a  rate  which  increases  with 
temperature.  A  study  of  the  temperature-dependence  of  the  desorption  rate  yields 
data  on  desorption  energies  which,  for  most  cases,  lead  to  information  on  adsorption 
binding  energy  states.  Thermal  desorption  can  also  be  used  to  obtain  surface 
coverages  and,  in  combination  with  mass  spectrometry,  determine  the  composition 
of  species  desorbed  from  the  surface.  Thermal  desorption  is  a  destructive  surface 
analytical  tool  although  it  docs  not  always  provide  a  clean  surface  after  one  heating 
cycle  in  ultra-high  vacuum;  at  catalytic  surfaces,  complex  organic  compounds  may 
decompose  to  form  stable  graphitic  or  carbidic  layer  upon  anaerobic  heating. 

Temperature-induced  desorption  methods  can  be  classified  according  to 
whether  the  rise  in  temperature  is  fast  (flash  desorption)  or  is  gradual  (TPD).  In 
flash  desorption,  the  desorption  rate  is  much  greater  than  the  rate  at  which 
desorbed  gas  is  pumped  out  of  the  system;  in  this  case,  the  desorption  of  a  given 
hiii-iiog  state  is  marked  by  a  plateau  in  the  pressure-temperature  curve.  In  TPD, 
the  slow  heating  (desorption)  rate  allows  the  evolved  gases  to  be  pumped  out;  as  a 
result,  the  desorption  of  a  particular  binding  state  appears  as  a  peak  instead  of  a 

plateau  in  the  desorption  curve. 
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The  extraction  of  the  activation  energy  for  desorption  Ed 

t  ,e  T  in  the  TPD  curves  involves  the  use  of  the  so-called  Redhead 
.1031,  .he  desorption  activation  energy  is  related  to  the  heat  of 

adsorption  AHads  ^y* 


Ed  =  Ea  +  AHads 


(3.20) 


where  E»  is  the  achvation  energy  for  adsorption.  Several  instances  can  ^^und  in 

which  the  adsorption  is  non-activated;  for  such  c  .  assures 

Thermal  desorption  experiments  based  upon  measuremen  o  g 
are  conceptu.ly  simple  hut  the  experiments  are  beset  wi.  •  -  as 

—  pumping  Of  gases  at  ^ 

outgassing  from  the  various  elements  of  the  va  Mo,t  of  the  - 

.he  hot  sample,  which  can  invalidate  quantitative 

problems  can  be  circumvented  by  frre  use  of  a  mass  spectrometer  to  mom  P 

... 

spectrometric  detection  is  afforded  by  a  quadrupole  mass  ana  yzer. 

spectromer  nosl.  This  mass  filter  consists  of  four 

pa^^Trllhared'Ilectrodes  arranged  at  the  apices 

“rr:-.  •»  -  “ 

laser-induced  desorption  studies. 

,  TBMS.  the  substrate  is  positioned  as 
spectrometer;  provisions  must  be  made  to  nnmnnze  temperature  fir 

■ti,  the  crvstal  Problems  associated  with  degassing  r  P 
direct  contact  with  the  crystal. 

sample  manipulator  close  to  the  crystal  can  be 
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. .  , .  _ f  „  „„a/lnir>nlo  mass  filter  Ions  B  and  C  have  incorrect  m/z 

'^fatio  and  Ire  the  rcxla;  A  has  the  proper  ratio  and  is  tranamitted 

through  the  rods  onto  the  detector.  Reproduced  with  permission  [109]. 


spectrometer  with  a  small  aperture  such  that  only  line-of-sight  detection  is  possible. 
For  programmed  TDMS,  microprocessor  control  allows  multiplexed  or  simultaneous 
data  acquisition  of  several  pre-selected  masses. 

C.  Instrumentation  designs 

The  most  critical  step  in  UHV-EC  experiments  is  the  transfer  of  the  electrode 
between  the  electrochemical  cell  (at  ambient  pressures)  and  the  surface  analysis 
chamber  (in  ultra-high  vacuum).  Ideally,  the  transfer  is  not  accompanied  by 
changes  in  surface  structure  and/or  composition.  The  simplest  approach,  which 
would  not  require  a  dedicated  surface  analysis  instrument,  is  the  transfer  of  the 
sample  electrode  through  air  [110];  clearly  this  procedure  is  applicable  only  if  the 
surface  is  inert  (such  as  some  oxide  films)  or  is  covered  with  a  protective  film  (of 
solvent  or  electrolyte)  that  is  removed  by  evacuation  inside  the  high-vacuum 

chamber. 

The  approach  employed  most  successfully  in  UHV-EC  studies  of  single¬ 
crystal  electrode  surfaces  involves  the  fabrication  of  a  multi-technique  surface- 
analysis  apparatus  to  which  an  electrochemistry  chamber  is  physically  appended. 
The  entire  assembly  is  constructed  of  stainless  steel  and  can  be  baked  to  about 
200°C  in  UHV  to  attain  ultra-clean  conditions.  Ultra-high  vacuum  is  maintained  by 
a  combination  of  a  titanium  sublimation  pump  and  either  an  lon-pump, 
turbomolecular  pump,  or  a  liquid-nitrogen-trapped  diffusion  pump.  Transfer  of  the 
electrode  between  the  analysis  and  electrochemistry  chambers  is  accomplished  by  a 
sample  manipulator-translator.  In  some  instruments,  the  crystal  remains  attached 
to  the  same  sample  holder  as  it  is  moved  between  the  two  compartments;  m  other 
systems,  the  crystal  has  to  be  transferred  between  two  different  mampulators.  A 
gate  valve  isolates  the  electrochemistry  compartment,  whenever  necessary,  from  the 
rest  of  the  system.  It  is  preferable  to  keep  the  electrochemistry  chamber  under  UHV 
when  not  in  use  in  order  to  preserve  its  cleanliness.  The  electrochemical  cell  itself  is 
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located  inside  a  bellows-enclosed  compartment  separated  from  the  electrochemistry 
chamber  by  another  gate  valve  j  the  cell  is  inserted  only  after  the  electrochemistry 
chamber  is  brought  to  ambient  pressures  with  ultra-high  purity  inert  gas.  Based 
upon  these  considerations,  various  types  of  UHV-EC  instruments  have  been 
constructed  [22-28,54,111-116];  two  of  these  are  shown  for  illustrative  purposes  in 
Figures  14  and  15. 

A  typical  UHV-EC  experiment  following  instrument  bakeout  (at  which  point 
the  base  pressure  should  be  less  than  5  x  10'^®  mbar)  would  include  the  following 
steps.  After  electrode  preparation  and  initial  surface  characterization,  the  electrode 
is  transferred  into  the  electrochemistry  chamber  which  is  then  isolated  from  the 
UHV  system,  by  closure  of  the  appropriate  gate  valve,  and  backfilled  with  high- 
purity  inert  gas.  The  external  gate  valve  is  opened  and  the  electrochemical  cell  is 
inserted  into  the  chamber.  After  completion  of  the  electrochemical  experiments,  the 
cell  is  retracted,  the  external  gate  valve  is  closed,  and  the  chamber  is  pumped  down 
by  a  turbomolecular  or  liquid-helium  cryogenic  pump  to  less  than  10*®  mbar.  At  this 
point,  the  main  gate  valve  can  be  opened  to  complete  the  evacuation  of  the 
electrochemical  chamber  and  to  transfer  the  electrode  into  the  surface  analysis 
compartment.  Pumpdown  from  ambient  pressure  to  10*®  mbar  vacuum  can  be 
achieved  in  less  than  15  minutes. 

In  some  UHV-EC  designs,  an  isolable,  differentially  pumped  antechamber  is 
situated  between  the  UHV  and  electrochemistry  compartments.  The  main  function 
of  this  antechamber  is  to  minimize  the  influx  of  solvent  and/or  electrolyte  vapor  into 
the  surface  analysis  compartment.  In  this  context,  it  is  important  to  mention  that 
the  pressure  in  the  EC  chamber  is  usually  an  order  of  magmtude  higher  than  in  the 
UHV  chamber;  mass  spectrometric  analysis  of  the  residual  gas  has  revealed  that 
the  pressure  difference  arises  primarily  from  higher  amounts  of  water  in  the 
electrochemistry  compartment  [52].  Because  water  is  only  weakly  surface-active,  it 
is  generally  not  of  major  concern  in  UHV-EC  studies.  However,  in  the  presence  of 
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Fiff  15  Schematic  drawing  of  an  experimental  arrangement  for  UHV-EC  studies  In  this 
^desim^ the  electrode  is  transferred  between  different  manipulators.  Reproduced  with 
^  ’  permission  [IHl,  d  > 
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comparatively  high  quantities  of  water,  impurity  species  may  be  dislodged  from  the 
walls  of  the  chamber  and  onto  the  sample  surface.  Similar  “knock-off  effects  can 
arise  when  the  chamber  is  backfilled  with  high  purity  inert  gas.  Hence,  it  is  critical 
to  maximize  the  cleanliness  of  the  electrochemistry  chamber  and  its  associated 
manifold;  this  can  be  accomplished  by  frequent  bakeout  and  continuous  evacuation 

of  the  electrochemistry  chamber  when  it  is  not  in  use. 

It  is  also  important  to  ensure  that  the  backfill  gas  is  of  the  highest  punty  to 
minimize  surface  contamination  by  trace-level  impurities;  argon  of  at  least  99.99% 
purity  is  usually  employed.  Background  contamination  is  metal  specific;  for 
example,  Cu  is  more  sensitive  to  residual  O2  while  Pt  is  more  susceptible  to 
carbonaceous  impurities.  Hence,  depending  upon  the  nature  of  the  investigation,  it 
may  be  necessary  to  pass  the  high-purity  inert  gas  through  molecular  scavengers 
such  as  a  Ti  sponge  heated  to  900®C  [52]  for  stiU  further  purification.  While  efforts 
to  ensure  the  cleanliness  of  the  UHV-EC  system  cannot  be  overemphasized,  it  must 
also  be  realized  that  electrode- surface  contamination  can  also  result  from  trace-level 
impurities  in  the  electrolyte  solution.  Such  impurities  can  originate  from  the 
solvent,  electrolyte,  glassware,  and/or  the  inert  gas  employed  for  solution 
deaeration.  The  level  of  solution-based  impurities  can  be  minimized  by  the  use  of 
highly  purified  chemical  reagents  and  gases;  in  the  case  of  aqueous  solutions,  the 
utilization  of  pyrolytically  triply  distilled  water  is  recommended  [117],  although  the 
use  of  Millipore  Milli-Q  water  is  now  an  acceptable  alternative. 

Electrochemical  experiments  have  been  performed  with  cells  either  in  the 
standard  or  thin-layer  arrangement.  The  latter  sigmficantly  reduces  the  level  of 
surface  contamination  from  solution-borne  impurities.  If  the  entire  electrode  is  to  be 
immersed  in  solution,  all  faces  of  the  single-crystal  should  be  oriented  identically  in 
order  to  obtain  characteristic  voltammetry.  As  an  alternative,  the  electrode  can  be 
positioned  on  top  of  the  electrochemical  ceU  in  such  a  way  that  only  one  crystal  face 
is  exposed  to  solution,  as  illustrated  in  Figure  16.  Such  a  configuration,  however. 
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r  1  ceU  for  use  with  a  single-crystal  disc 

Fig.  16.  Schematic  vi^'rodrite^uced  permission  (1161. 


often  results  in  the  adherence  of  a  droplet  of  electrolyte  when  the  electrode  is 
withdrawn  from  the  solution;  this  problem,  on  the  other  hand,  does  not  arise  when 
the  electrode  is  withdrawn  slowly  (1  mm/sec)  in  the  vertical  position  [26]. 

3.  FUNDAMENTAL  ASPECTS 
A.  The  emersion  process 

It  is  important  to  determine  the  changes  in  the  interfacial  properties  when 
the  electrode  is  removed,  at  a  given  potential,  from  the  electrolyte  solution.  The 
electrode-withdrawal  process  under  potential  control  is  termed  emersion.  In  the 
ideal  process,  the  emersed  electrode  retains  an  interfacial  layer  identical  in 
composition  and  structure  to  that  present  when  the  electrode  was  still  in  solution. 
Under  electrochemical  conditions,  the  electrode-solution  interface  is  a  structured 
assembly  of  solvent,  electrolyte,  and  reactant.  In  the  traditional  view,  this 
ensemble,  commonly  referred  to  as  the  electrochemical  double  layer,  is  subdivided 
into  an  inner  (compact)  layer  consisting  of  field-oriented  adsorbed  solvent  molecules 
and  specifically  adsorbed  anions,  and  an  outer  layer  composed  of  solvated  cations. 
The  locus  of  the  centers  of  the  adsorbed  anions  delineates  the  so-called  the  inner 
Helmholtz  plane  (IHP),  whereas  the  line  of  centers  of  the  nearest  solvated  cations 
defines  the  outer  Helmholtz  plane  (OHP).  Charge  transfer  reactions  of  electroactive 
species  are  thought  to  occur  at  this  outer  (reaction)  plane.  The  solvated  ions  interact 
with  the  charged  metal  only  through  long-range  electrostatic  forces  and,  because  of 
thermal  agitation  in  the  solution,  are  distributed  in  a  three-dimensional  region  that 
extends  from  the  CHP  into  the  bulk  of  the  solution.  This  region  is  identified  as  the 
diffuse  layer,  and  its  thickness  is  a  function  of  electrolyte  concentration;  it  is  less 
than  300  A  for  concentrations  greater  than  10'2  M.  Clearly,  the  electrode¬ 
withdrawal  process  involves  a  delicate  balance  with  respect  to  the  thickness  of  the 
emersion  layer:  it  must  be  sufficiently  thick  to  incorporate  the  intact 
electrochemical  double  layer  but  it  should  also  be  thin  enough  to  exclude  residual 
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(bulk)  electrolyte.  The  electrochemical  double  layer  can,  under  appropriate 
electrolyte  concentrations,  be  retained  intact  when  the  electrode  is  withdrawn  from 
solution  under  potential  control.  The  optimum  concentration  depends  upon  whether 
emersion  is  hydrophobic  or  hydrophilic  [106,107,118-123].  For  the  latter  type,  a  thin 
film  of  electrolyte  adheres  to  the  emerging  surface  and,  consequently,  the 
concentration  must  not  be  much  higher  than  10*^  M  if  contamination  of  the  surface 
by  electrolyte  ions  is  not  to  occur.  For  hydrophobic  surfaces,  only  the  compact  layer 
is  retained,  and  the  bulk  electrolyte  concentration  is  less  important  from  the  point 
of  view  of  contamination;  nonetheless,  double-layer  discharge  is  a  problem  if  the 
concentration  is  much  lower  than  10-3  M  since  not  enough  diffuse-layer  counterions 
may  be  retained.  In  cases  where  the  mode  of  emersion  is  not  known,  an  electrolyte 
concentration  of  10"3  M  appears  to  be  a  logical  choice. 

Investigations  of  hydrophobic  emersion  based  upon  electrode  resistance 
measurements  [121],  electroreflectance  spectroscopy  [118,119,122],  XPS  [123],  and 
work  function  change  determinations  [106,107,120]  have  been  able  to.  (i) 
demonstrate  the  existence  of  an  emersed  double  layer,  (ii)  determine  its  stability, 
and  (iii)  monitor  changes  in  its  structure  and  composition  brought  about  by  the 
emersion  process.  The  evidence  has  been  compelling  that  the  structure  and 
composition  of  the  double  layer  in  the  emersed  phase  are  very  similar,  if  not 
identical,  to  those  in  the  solution  state;  that  is,  only  little  or  no  double-layer 
discharge  occurs  upon  emersion.  More  recent  studies  have  focused  on  the  effect  of 
the  emersion  process  on  the  structure  of  adsorbed  molecular  species.  Experiments 
using  in  situ  IRA^[124,125]  and  surface-enhanced  Raman  spectroscopy  (SERS) 
[126,127]  have  provided  data  which  demonstrate  that  the  structure  and  orientation 
of  molecular  adsorbates  at  electrode  surfaces  are  essentially  unperturbed  by  the 
emersion  process. 

Upon  emersion,  the  intact  double  layer  loses  electrical  contact  with  the  bulk 
electrolyte  but  not  with  the  electrode.  Hence,  the  overall  charge  within  the  interface 
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must  remain  neutral.  This  requirement  for  neutrality,  however,  does  not  disallow 
the  occurrence  of  spontaneous  faradaic  reactions  within  the  emersed  layer.  Such 
reactions  can  take  place  spontaneously  provided  they  do  not  result  in  charge 
imbalance  within  the  layer,  even  if  they  are  accompanied  by  loss  of  material.  They 
consist  of  redox  reactions  in  which  electrons  cross  the  interface,  but  no  net  current 
flows  due  to  the  open-circuit  conditions.  One  example  is  the  spontaneous  oxidation 
of  electrodeposited  Cd  in  aqueous  media: 

Cd(s)  +  2H2O  Cd(OH)2(s)  +  H2(g)  (4.3) 

In  this  reaction,  the  water  is  from  either  the  diffuse  layer  or  the  residual  gas  in  the 
UHV  chamber, 

B.  Perturbations  caused  by  evacuation  and  surface  analysis 

Another  critical  issue  in  coupled  UHV-EC  experiments  pertains  to 
perturbations  of  the  emersed  double  layer  caused  by  the  evacuation  and  surface 
analytical  processes.  Alterations  in  the  surface  electronic  structure  can  be  studied 
by  work  function  change  measurements;  representative  results  are  shown  in  Figure 
17  in  which  a  plot  of  the  work  function  of  a  polycrystalline  Au  emersed  from  0.1  M 
HCIO4  into  UHV  as  a  function  of  the  emersion  potential  is  presented  [107,128].  It 
can  be  seen  here  that  the  work  function  tracks  the  applied  potential  over  a  wide 
range,  even  into  the  oxide  formation  region.  This,  and  other  sets  of  data 
demonstrates  that_the  electronic  properties  of  the  double  layer  are  unaffected  by 
emersion  either  into  the  ambient  or  into  UHV.  Recent  comparisons  of  emersion 
work  function  changes  with  absolute  electrode  potential  suggest  that  some  water 

molecxiles  may  reorient  upon  emersion  [129]. 

An  expected  effect  of  evacuation  is  the  change  in  the  composition  within  the 
electrochemical  double  layer  by  UHV-induced  desorption;  the  extent  of  the 
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Fig  17.  Work  function  as  a  function  of  emersion  potential  of  polycrystalline  Au  emersed 
from  0.1  M  HCIO4.  The  work  function  of  the  clean  metal  was  5.2  eV.  The  lower  and  upper 
lines  respectively,  represent  the  solution  inner  potential  if  the  absolute  NHE  half-cell 
potential  is  4.45  or  4.85  V.  Reproduced  with  permission  [107]. 
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compositional  changes  will  depend  primarily  upon  the  heats  of  vaporization  AHyap 
or  subUmation  AKgub  of  the  unbound  materials  entrapped  within  the  emersed  layer. 
Obviously,  excess  water,  unadsorbed  gases,  liquids,  and  sublimable  solids  will  be 
removed  readily  in  UHV.  Water  retained  as  part  of  the  hydration  sphere  of  the 
counter  cations  can  survive  the  evacuation  process  if  the  hydration  enthalpies 
AHhyd  are  substantial  [75,130,131]. 

Adsorbed  species  with  AHads  well  in  excess  of  40  kJ  mole*^  are  expected  to  be 
unaffected  by  exposure  to  ultra-high  vacuum.  Counterions  retained  in  the  diffuse 
layer  would  also  be  stable  in  vacuum  unless  they  undergo  solvolysis  reactions  which 
would  be  enhanced  at  very  low  pressures;  an  example  is  provided  by  the  hydrolysis 
ofHCOa-t 

HCO3-  OH-  4-  C02(g) 


Strongly  chemisorbed  species,  such  as  iodine  at  the  noble-metal  electrodes, 
are  exi>ected  to  form  stable  well-ordered  adlattices  in  solution  [61,85]  that  would  not 
reconstruct  in  vacuum.  Similarly,  the  surface  coverages  and  molecular  structures  of 
chemisorbed  molecules  are  expected  to  withstand  the  evacuation  process.  One 
example  is  provided  by  3-pyridylhydroquinone  (Py-H2Q)  which  is  chemisorbed  on  a 
Pt(lll)  electrode  surface  through  the  N-heteroatom  [132].  In  such  a  mode  of  surface 
attachment,  the  diphenol  group  is  pendant  and  able  to  undergo  the  following 
reversible  qmnone/hydroquinone  redox  reaction: 

Pt(lll)-Py-Q  +  2e-  +  2H+  44  Pt(lll)-Py-H2Q  (4.5) 

where  Q  and  H2Q,  respectively,  represent  the  pendant  quinone  and  hydroquinone 
groups.  Figure  18  shows  cyclic  voltammetric  curves  that  correspond  to  Reaction 
(4.5)  for  chemisorbed  Py-H2Q  before  and  after  a  one-hour  exposure  to  UHV.  It  is 
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1  r  o  T-.T7T»t/i\7lVivflroniiinon6  at  Pt(lll)-  (A)  Solid,  curve*  first  scan, 
SoUd  curve:  first  scan;  dotted  curve:  second  scan. 
Reproduced  with  permission  [132J. 
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clear  from  the  data  presented  that  the  reversible  electrochemical  reactivity  of  the 
chemisorbed  layer  has  not  been  affected  by  the  prolonged  exposure  to  UHV. 

Perturbations  can  also  arise  from  the  surface  characterization  method  itself. 
For  example,  the  extraction  of  AHads  information  from  TPD  is  based  upon  the 
measurement  of  the  desorption  energy  Ed;  implicit  in  the  technique  is  the 
requirement  for  complete  desorption.  Hence,  by  its  very  nature,  TPD  is  a  totally 
destructive  technique.  On  the  other  hand,  surface  analytical  methods  based  upon 
electron  and  optical  spectroscopies  are  not  intended  to  damage  the  surface  layer; 
nevertheless,  beam  damage  is  common  in  these  methods.  Unless  exceedingly  high 
photon  fluxes  are  used,  optical  methods  are  non-deleterious  relative  to  particle- 

based  techniques. 

Several  surface  processes  are  known  to  be  stimulated  by  electron  impact. 
Examples  are  binding-site  conversions,  dissociative  chemisorption,  and  particle 
desorption  [11].  Such  processes  take  place  even  at  very  low  electron  power  densities 
(minimal  sample  heating),  which  signifies  that  surface  thermal  effects  are 
insignificant.  The  possibility  of  stimulation  by  momentum  transfer  can  be  assessed 
by  noting  that  the  maximum  kinetic  energy  AE  transferred  to  a  particle  of  mass  M 
upon  collision  with  an  electron  of  mass  me  and  kinetic  energy  Ee  is  relatively  small 

[11]: 

AE  =  4Eeme/M 


As  an  example,  the  maximum  energy  imparted  by  an  electron  of  300-eV  energy 
would  be  0.3  eV  to  an  adsorbed  H  atom;  in  comparison,  the  adsorption  enthalpy  of 
strongly  bound  hydrogen  is  greater  than  2  eV.  Hence,  for  low-energy  electrons, 
momentum  transfer  events  cannot  cause  significant  structural  and  compositional 
changes  in  the  emersed  layer.  It  is  now  accepted  that  electron-stimulated  reactions 
occur  mainly  via  electronic  excitations.  These  excitations  can  lead  to  bond 
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dissociation  and  form  the  basis  of  the  surface  spectroscopic  technique  known  as 
electron  stimulated  desorption  ion  angular  distribution  (ESDIAD)  [133]. 

Pendant  functional  groups  not  directly  bonded  to  the  substrate  surface,  such 
as  the  diphenol  moiety  in  Py-H2Q,  are  most  prone  to  electron-stimulated  desorption. 
In  other  instances,  electron  irradiation  can  induce  siirface  displacement  reactions 
that  involve  species  present  as  residual  gas  in  the  analysis  chamber.  However,  it  is 
essential  to  note  that  the  electron-stimulated  alterations  would  be  detrimental  only 
if  the  post-analysis  layers  are  to  be  used  for  fiirther  electrochemical  experiments.  In 
those  rare  instances  when  additional  experiments  have  to  be  performed,  it  is  a 
simple  matter  to  regenerate  the  surface  to  exactly  the  point  just  prior  the  surface 
analysis.  Beam  damage  can  be  assessed  by  repeated  analysis  over  a  period  of  time 
followed  by  extrapolation  of  the  data  to  zero  time. 

4.  CASE  STUDIES 

UHV-EC  investigations  with  single-crystal  electrode  surfaces  can  be  broadly 
classified  into  three  groups.  The  first  places  emphasis  on  the  structure  and 
constitution  of  the  electrochemical  double  layer  as  functions  of  electrode  potential 
and  solution  composition.  The  second  centers  on  electrodeposition  reactions, 
included  in  this  category  are  extensive  studies  on  hydrogen  and  oxygen  adsorption 
at  platinum  electrodes.  The  third  deals  with  the  interfacial  structure  and  reactivity 
of  chemisorbed  complex  molecules. 

A.  Electrochemical  Double  Layer 

Two  general  strategies  have  been  adopted  in  UHV-EC  studies  of  the  electrical 
double  layer.  One,  strictly  a  model  approach,  involves  the  s)mthesis  of  the  double 
layer  in  UHV  by  sequential  cryogenic  adsorption  of  its  constituents  [134-140],  the 
temperature  must  be  maintained  below  160  K  at  all  times  in  order  to  prevent  the 
evaporation  of  unbound  solvent.  The  other  approach  is  based  upon  the  structural 
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and  compositional  analysis  of  the  emersed  layer;  since  surface  characterization  is 
done  at  ambient  temperatures,  excess  water  in  the  diffuse  layer  is  pumped  away. 

The  viability  of  the  cryogenic  coadsorption  approach  was  tested  by 
comparison  of  work-function  changes  A<p  for  UHV- synthesized  and  electrochemical 
Ag(110)-X-H2O  layers,  where  X  denotes  CV  or  Br  [134-138].  The  results  showed 
that  there  is  good  agreement  between  the  UHV  and  in  situ  results,  provided  that 
coadsorbed  water  is  present  in  the  UHV-generated  layer.  The  satisfactory 
agreement  indicates  that,  at  least  under  zero  diffuse-layer  charge  conditions, 
microscopic-level  information  from  the  UHV  simulation  work  is  relevant  to 
electrochemical  systems  despite  the  large  temperature  difference.  The  reqmrement 
of  solvation  implies  that  the  electronic  properties  of  the  unsolvated  Ag(110)-Br 
interface  are  quite  different  from  those  of  the  fully  solvated  Ag(110)-Br-H2O  layer. 
Other  more  complex  interfacial  systems  have  also  been  modeled  via  cryogemc 
coadsorption.  For  example,  UHV-synthesized  H2O-HF-CO  coadsorbed  layers  were 
studied  at  Pt(lll)  and  Rh(lll)  surfaces  by  HREELS,  LEED,  TPD  and  XPS 
[139,140].  In  that  work,  the  “control”  of  electrode  potential  was  based  upon 
coadsorption  of  H2.  The  cryogenic  coadsorption  approach  to  the  study  of  the 
electrochemical  double  layer  offers  two  main  advantages  [139,140]:  (i)  the  control  of 
interfacial  parameters  far  more  precisely  than  can  be  achieved  in  solution,  and  (11) 
the  detailed  characterization  of  fully  solvated  species  by  a  host  of  complementary 
surface-sensitive  spectroscopic  methods.  Still,  it  must  be  realized  that  this  approach 
provides  only  models,  the  relevance  of  which  to  electrochemistry  remains  to  be  fully 

established. 

The  direct  approach  to  the  study  of  the  electrochemical  double  layer  involves 
the  surface  characterization  of  the  electrolyte  layer  retained  at  the  electrode  surface 
as  it  is  withdrawn  from  solution.  Although  the  direct  approach  is  more  realistic 
than  the  UHV  simulation  strategy,  it  is  applicable  only  to  cases  in  which  the 
compact  layer  consists  of  materials  which,  because  they  are  either  strongly  adsorbed 
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or  in  the  solid-state,  remain  on  the  surface  when  evacuated  to  UHV.  It  is  also 
implied  in  this  approach  that  those  solvent  molecules  pumped  away  are 
inconsequential  in  the  formation  and  preservation  of  the  electrochemical  double 
layer.  This  is  not  an  unreasonable  premise  since  chemisorption  involves  strong 
chemical  interactions  that  are  only  be  minimally  perturbed  by  physisorbed  species. 

UHV-EC  studies  of  the  interaction  of  electrode  surfaces  with  anionic 
electrolyte  have  been  carried  out  at  well-defined  Pt(lll)  [75,130,131,141-145], 
Pt(lOO)  [146,147],  stepped  Pt(s)[6(lll)x(lll)]  [148],  Cu(lll)  [113,149],  Ag(lll) 
[150]  Au(lll)  [151],  and  Pd(lll)  [42-44,85,152]  electrodes;  all  these  studies  have 
been  with  aqueous  solvents.  The  anions  studied  include  monatomic  species  such  as 
Cl-  [142,146,147,150],  Br  [141,146,147,150],  I*  [42-44,85,143,150,153,154],  and  SH* 
[144,152],  and  polyatomic  species  such  as  CN-  [75,130,131],  SCN*  [131],  and  SO42- 
[149,155].  All  of  these  anions  yield  surface  coverages  and  well-ordered  structures 
that  depend  upon  the  solution  pH  and  the  applied  potential. 

B.  Undeipotential  electrodeposition 

The  cathodic  electrodeposition  oi  submorwlayer  quantities  of  one  metal  onto 
another  generally  occurs  at  potentials  positive  of  that  for  bulk  deposition  because  of 
preferential  interactions  between  the  substrate  and  the  foreign-metal 
electrodeposit.  This  underpotential  deposition  (UPD)  process  is  strongly  influenced 
by  the  structure  and  composition  of  the  substrate;  hence,  UPD  research  is  one  in 
which  UHV-EC  methods  have  been  extremely  valuable.  UHV-EC  studies  of  UPD 
can  be  categorized  according  to  whether  the  experiments  were  used  to  correlate  the 
substrate  structure  with  the  electrodeposition  voltammograms  or  to  determine  the 
resultant  interfacial  properties  of  the  adatom-modified  substrate.  Investigations 
devoted  to  structure-voltammetry  correlations  help  establish  reference  states  which 
new  experiments  can  be  calibrated  against;  those  focused  on  post-deposition 
characterization  yield  information  concerning  the  electrocatalytic  selectivity  of  the 
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mixed-metal  interfaces. 

The  first  applications  of  LEED  and  AES  in  electrochemistry  involved  the 
correlation  of  the  surface  crystallographic  orientation  with  the  underpotential 
hydrogen  deposition  at  Pt  electrodes  [48].  Those  studies  were  motivated  by  earlier 
work  with  polycrystalline  Pt  electrodes  whose  cycHc  voltammograms  showed  two 
hydrogen  deposition  peaks.  These  studies,  however,  were  not  judged  to  be  definitive 
because  of  the  lack  of  a  rigorous  control  of  substrate  structure,  and  the  use  of 
multiple  surface  oxidation-reduction  cycles  to  generate  a  clean,  but  structurally 
disordered,  surfaces.  Nevertheless,  they  provided  the  impetus  for  further  adaptation 
of  UHV-based  surface  structural  tools  to  interfacial  electrochemistry. 

Later  studies  based  upon  non-UHV-prepared  single-crystal  surfaces  led  to 
the  discovery  of  new  voltammetric  features  for  Pt(lll)  in  the  form  of  highly 
reversible  pseudocapacitance  peaks  at  potentials  well  positive  of  the  usual  hydrogen 
deposition  peaks  [32,47-49,156].  These  peaks  can  be  seen  when  the  Pt(lll) 
voltammograms  in  H2SO4  and  HCIO4  are  compared  for  a  flame- annealed  sample 
with  those  for  a  UHV-prepared  (but  electrochemically  cycled)  electrode.  Verification 
studies  employing  UHV-EC  instrumentation  equipped  with  improved  vacuum-to- 
electrochemistry  transfer  technology  were  able  to  reproduce  the  new  voltammetric 
results.  Extensive  follow-up  in  situ  and  UHV-EC  work  then  ensued  which  clarified 
several  aspects  of  this  exceedingly  surface-sensitive  reaction  [47-49,155]. 

A  few  investigations  have  been  carried  out  on  the  formation  of  underpotential 
states  of  oxygen.  Electrochemical  experiments  have  been  performed  only  with 
Pt(lOO)  and  Pt(lli)  electrodes  [24,157-159].  Gas-phase  and  solution-state  reactions 
with  oxygenous  species  have  been  carried  out  at  stainless  steel  single  crystals  [160- 
162].  The  occurrence  of  place-exchange  during  anodic  film  formation  has  been 
studied  via  LEED  spot-profile  analysis  [24,159].  This  irreversible  place-exchange 
reaction  accounts  for  the  common  observation  that  the  electrode  surface  loses  its 
single  crystallinity  even  after  minimal  surface  oxidation. 
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The  literature  on  monolayer  metal  deposits  is  extensive.  Most  of  the  work 
pertains  to  the  geometric,  electronic,  and  catalytic  properties  of  foreign  metals  vapor 
deposited  in  UHV  onto  single-crystal  substrates;  a  compilation  of  the  adlattice 
structures  of  such  metal  adlattices  has  been  published  [163].  Studies  of  foreign 
metal  monolayers  deposited  electrochemically  have  been  primarily  with 
poly  crystalline  substrates.  The  first  UHV-based  investigation  of  electrochemically 
deposited  admetals  employed  XPS  to  determine  the  core-level  shifts  of 
submonolayer  Cu  and  Ag  on  polycrystalline  Pt  [164,165]. 

The  first  UHV-EC  work  on  electrodeposition  at  well-defined  electrode 
surfaces  involved  Ag  at  an  iodine-coated  Pt(lll)  electrode  [166,167].  The  iodine 
pretreatment  was  done  in  UHV  to  form  a  protective  PtCllDCVTxVTlRlB.l  -I 
adlattice  before  immersion  into  a  solution  containing  dilute  Ag^  in  1  Af  HCIO4. 
Subsequent  studies  included  Ag  electrodeposition  on  I-coated  Pt(lOO)  [168]  and 
stepped  Pt(s)[6(lll)x(lll)]  [35],  Cu  on  I-pretreated  Pt(lll)  [169],  and  Pb  on 
I-covered  Pt(lll)  [173].  Sn  [171]  and  Pb  [172]  deposition  onto  iodine-free  Pt(lll)  in 
Br  or  Cl*  [173]  solutions  has  also  been  studied.  Although  the  Pt  substrate  was  not 
pretreated  with  I,  the  presence  of  halide  ions  in  the  plating  solution  led  to  specific 
adsorption  of  anions  prior  to  the  deposition  process. 

Electrodeposition  from  solutions  free  of  surface-active  anions  have  been 
studied.  These  investigations,  carried  out  in  C104*  or  F*  electrolyte,  include  UPD  of 
Cu  on  Pt(lll)  [174-176],  Tl,  Pb,  Bi,  and  Cu  on  Ag(lll)  [177],  and  Pb  on  the  three 
basal  planes  of  Ag  [111].  Invariably,  the  underpotentially  deposited  films  showed 
unique  adlattice  geometries  that  were  dependent  upon  the  substrate  orientation 
and  the  admetal  coverage. 

The  atomic  layer  epitaxy  (ALE)  approach  to  deposition  of  a  compound  film, 
based  upon  the  alternate  layer-by-layer  deposition  of  the  elements  of  the  compound, 
has  recently  been  adopted  in  the  electrochemical  synthesis  of  compound 
semiconductors.  This  electrochemical  analogue,  referred  to  as  electrochemical 
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atomic  layer  epitaxy  (ECALE)  [79.178,179],  takes  advantage  of  the  fact  that  only 
monolayer  quantities  are  produced  by  underpotential  deposition.  The  UPD*based 
epitaxial  growth  of  CdTe  on  Au(lll)  has  been  monitored  by  LEED  and  AES  [79]. 

C.  Molecular  adsorption 

The  capability  to  prepare  single-crystal  surfaces  by  thermal  treatment  at 
ambient  pressures  [32,156,180-182]  has  fostered  the  proliferation  of  non-UHV 
studies  of  the  adsorption  of  molecules  at  monocrystalline  electrodes.  The  detail  of 
information  obtained  from  such  in  situ  work,  however,  falls  short  of  that  provided 
by  UHV-EC  experiments.  As  one  example,  although  in  situ  IRAS  has  provided  much 
information  about  the  structure- sensitivity  of  the  chenusorption  and  anodic 
oxidation  of  CO,  its  sensitivity  is  too  low  to  permit  meaningful  investigations  with 
other  molecules  even  as  simple  as  ethylene. 

(i)  Solvent~elect7X)de  interactions.  The  nature  of  the  interactions  between  the 
solvent  and  the  electrode  surface  has  sigmficant  ramifications  in  electrochemical 
surface  science.  For  instance,  the  use  of  strongly  surface-active  solvents  would 
severely  repress  electrocatalytic  processes  that  rely  on  a  direct  interaction  between 
the  reactant  and  the  metal  surface.  The  bonding  of  water  to  metal  surfaces  is  an 
important  issue  in  aqueous  electrochemistry.  In  models  suggested  to  explain  the 
potential  dependence  of  double-layer  capacity,  the  existence  has  been  postulated  of 
monomeric  and  clustered  water  molecules,  both  of  which  are  able  to  adopt  two 
opposite  dipolar  orientations  with  respect  to  the  surface  [183,184].  The  studies  of 
water  adsorption  on  single-crystal  electrodes  are  all  based  upon  vapor  deposition  in 
UHV  usually  at  cryogenic  temperatures  since  water  is  not  adsorbed  on  clean  metal 
surfaces  at  ambient  temperatures.  Of  sigmficant  interest  to  electrochemistry  is  the 
observation  that,  on  Ni,  Pt,  Ag,  Cu,  and  Pd,  water  is  dissociatively  chemisorbed  if 
the  surface  contains  submonolayer  coverages  of  oxygen  [185].  The  reaction  is 
thought  to  occur  by  hydrogen  abstraction.  This  reaction  is  very  metal-specific  since 
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at  other  noble  metals  such  as  Ru(OOl),  adsorbed  oxygen  is  inactive  towards  water 
dissociation  [185].  UHV  coadsorption  experiments  of  water  and  acids  also  provide 
useful  information  on  the  nature  of  the  interface  for  some  common 
electrolyte-electrode  combinations,  such  as  HF/H2O  on  Pt(lll)  [186]  and 
HNO3/H2O  on  Ag(110)  [187] 

Nonaqueous  solvents  commonly  used  in  electrochemistry  include  acetonitrile, 
dimethylformamide,  p-dioxane,  sulfolane,  dimethylsulfoxide,  p3n:idine,  acetic  acid, 
propylene  carbonate,  liquid  ammonia,  and  dichloromethane  [188].  Work  involving 
such  materials  can  be  categorized  according  to  whether  the  electrode  is  allowed  to 
interact  with  the  nonaqueous  solvent  by  (i)  vapor  dosing  in  vacuum,  (ii)  exposure  to 
aqueous  solutions  containing  small  quantities  of  nonaqueous-solvent  material,  or 
(hi)  immersion  in  pure  nonaqueous  solvent.  UHV-EC  work  of  the  latter  type  using 
single-crystal  electrodes  has  not  been  pursued,  although  an  XPS  study  of 
polycrystalline  Li  thin-film  electrodes  immersed  in  neat  acetonitrile  has  been 
reported  [115].  Studies  that  employed  aqueous  solutions  containing  small  amoimts 
of  nonaqueous  solvent  are  more  abundant;  however,  such  investigations  are  usually 
classified  under  electrode-solute,  rather  than  electrode-solvent,  interactions.  Except 
for  one  case,  all  UHV-based  adsorption  studies  with  nonaqueous-solvent  compounds 
(carboxylates,  ammonia,  and  N-heteroaromatics)  were  earned  out  purely  in  the 
context  of  gas-solid  surface  science  [8,189].  The  intent  of  the  one  exception  [190]  was 
to  use  the  reactions  between  the  solvent  vapor  and  the  metal  surface  as  models  for 
the  electrochemical  analogues;  for  better  simulation  of  solution  conditions,  vapor 
dosing  was  up  to  0.3  mbar,  approaching  the  vapor  pressures  of  the  liquid  solvents. 

(ii)  Group  IB  electrodes.  Most  organic  compounds  are  only  weakly  adsorbed 
on  Cu,  Ag,  and  Au  electrode  surfaces;  hence,  unless  the  adsorbate  itself  is  a  solid  or 
when  adsorption  is  carried  out  at  cryogenic  temperatures,  meaningful  UHV-EC 
experiments  with  the  coinage  metals  are  limited.  One  study,  which  took  advantage 
of  the  strong  interaction  of  the  -SH  functional  group  with  the  coinage  metals,  used 
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HREELS,  LEED,  AES,  and  voltammetry  to  determine  the  influence  of  the  location 
of  the  N  heteroatom  on  the  adsorption  properties  of  the  isomers  2-mercaptopyridine 
and  4-mercaptopyridine  at  Ag(lll)  in  aqueous  HF  [191].  The  subject  compounds 
were  postulated  to  undergo  isomerization  upon  oxidative  adsorption  through  the 
-SH  moiety. 

(Hi)  Group  VIII  electrodes.  The  abimdance  of  studies  of  organic  molecular 
adsorption  at  electrode  surfaces  involves  the  platinum-metals.  This  is  of  course  not 
surprising  since  these  metals  are  well  known  for  their  electrocatalytic  activities  and 
an  immense  body  of  work  has  already  been  amassed  for  these  materials  in  their 
polycrystalline  states  [192-197].  Surface  electrochemical  studies  of  metal-orgamc 
compounds  at  single-crystal  electrodes  can  be  broadly  classified  according  to 
whether  the  work  was  done  with  CO  (and  related  small  molecules)  or  with  more 
complex  molecules.  The  former  are  more  numerous,  although  a  vast  majority  of 
such  studies  have  been  carried  out  without  UHV-based  surface  characterization. 
Work  with  well-defined  surfaces  have  been  limited  to  LEED  of  CO  adlattices  on 
Pt(lll)  [198]  and  Pd(lll)  [199],  and  HREELS,  LEED,  TPD  and  XPS  of  mixed  H2O- 
HF-CO  layers  generated  in  UHV  by  cryogenic  adsorption  at  Pt(lll)  and  Rh(lll) 
surfaces  [139,140].  An  impressive  amoimt  of  detailed  information  on  a  wide  vanety 
of  complex  organic  compounds  chemisorbed  at  well-defined  Pt(lll)  and  Pt(lOO) 
electrode  surfaces  has  been  furnished  by  LEED,  AES,  TPD,  and  HREELS 
[23,76,200,201].  Electrocatalytic  reactivity  studies  which  accompanied  these 
investigations  were  limited  to  anodic  oxidation  reactions,  and  only  correlations 
between  the  mode  of  adsorbate  bonding  and  extent  of  anodic  oxidation  were 

attempted. 

(a)  Carbon  monoxide.  Much  of  what  is  known  about  the  structure  and 
reactivity  of  CO  chemisorbed  at  single-crystal  electrodes,  and  their  dependencies  on 
surface  crystallographic  orientation,  electrode  potential,  and  adsorbate  coverage  are 
based  almost  entirely  upon  in  situ  IRAS  measurements  [182].  Only  a  few  UHV-EC 
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studies  on  CO  have  been  reported.  One  made  use  of  a  well-defined  Pt(lll)  surface 
and  sought  to  correlate  anodic  peak  potentials  with  observed  LEED  structures 
[198].  A  later  study  examined  the  lateral  modification  and  re-organization  of  the  CO 
adlattice  brought  about  by  coadsorbed  I  [202];  compression  of  the  CO  domain  by  I 
was  postulated.  Another  study  based  upon  LEED,  AES,  TPD,  voltammetry,  and 
coulometry,  examined  the  chemisorption  of  CO  at  well-defined  and  anodically 
disordered  Pd(lll)  [199]:  It  was  shown  that  CO  adsorption  from  solution  yielded  an 
ordered  adlattice,  Pd(lll)c(4x2)-CO,  in  which  the  CO  molecules  occupy  two-fold 
hollow  sites;  at  the  oxidatively  disordered  surface,  CO  chemisorption  occurred 
spontaneously  but  no  ordered  CO  adlayers  were  produced  which  was  taken  as  an 
indication  that  the  CO  molecules  resided  on  atop  sites;  Pd(lll)c(4x2)-CO  yielded 
two  oxidation  peaks  the  first  of  which  was  accompanied  by  an  adlattice 
reconstruction  from  c(4x2)  to  (>/3xV3)R30°  (Figure  19).  The  electrochemical  oxidation 
of  UHV-prepared  Ni(lll)-c(4x2)-CO  in  alkaline  electrolyte  has  recently  been 
investigated  [203];  it  was  determined  that  the  CO  adlayer  remains  intact  up  to  the 
moment  of  contact  with  the  electrolyte  and  can  be  electrooxidized  quantitatively  to 

CO2. 

(h)  Other  organic  compounds.  UHV-EC  investigations  have  been  undertaken 
to  understand  the  nature  of  the  chemical  interactions  between  the  organic  molecule 
and  the  electrode  surface  as  a  function  of  interfacial  parameters,  such  as  pH  and 
electrode  potential,  and  also  to  correlate  the  mode  of  attachment  with  the  reversible 
and/or  catalytic  electrochemistry  of  these  materials. 

The  differences  between  gas-phase  and  solution-state  chemisorption  and 
catalytic  hydrogenation  of  ethylene  have  been  documented  [204]:  variations  in  the 
structures  of  ethylene  chemisorbed  at  the  solid-solution  and  gas-solid  interfaces 
lead  to  different  reaction  pathways.  In  solution,  ethylene  chemisorption  occurs 
molecularly  through  its  x-electron  system,  whereas  chemisorption  in  UHV  is 
accompanied  by  molecular  reairangements  to  form  a  surface  ethylidyne  species.  In 
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Fig.  19.  Current-potential  curve  for  the  anodic  oxidation  of  CO  chemisorbed  on  Pddll), 
initiallv  in  the  Pd(lll)c(4x2)-CO  structure.  The  supporting  electrolyte  consisted  of  0.1^ 
NaF  anfo  1  The  shoulder  in  peak  I  is  due  to  polycrystalline  edge  effects,  lire 

Dotential  sweep  rate  was  2  mV/sec. 


Anodic  Oxidation  of  Pd(111)-CO 


electrocatalytic  hydrogenation,  ethylene  is  reduced  on  the  Pt  surface  by  adsorbed  H 
atoms;  in  gas-phase  hydrogenation,  H  atoms  must  be  transferred  from  the  Pt 
surface  through  a  layer  of  irreversibly  adsorbed  ethylidyne  to  ethylene  adsorbed  on 
top  of  the  ethylidyne  layer.  Other  studies  [204-206]  compared  the  electrocatalytic 
hydrogenation  of  ethylene  at  polycrystalline  and  well-defined  Pt(lll)  and  Pt(100) 
single  crystals.  Further  work  with  alkenes  [207-213]  has  been  focused  on  the  effects 
of  hydrocarbon  chain  length  and  the  presence  of  weakly  surface-active  substituents 
such  as  carboxylates  [214]  and  alcohols  [215].  These  studies  showed  that,  (i)  the 
primary  mode  of  surface  coordination  of  terminal  alkenes,  alkenols,  and  alkenoic 
acids  is  through  the  jc-electron  system  of  the  olefinic  double  bond,  and  (ii)  the 
pendant  alkyl  chain  is  always  extended  outward  on  top  of  the  propylene  moiety. 
This  type  of  coordination  is  the  same  for  the  alkenols  and  alkenoic  acids.  Under 
favorable  circumstances,  intermolecular  hydrogen  bonding  may  occur  within  the 
alkenol  layer  [215],  or  the  carboxylate  group  may  interact  directly  with  the  metal 
surface  [214].  From  coulometric  measurements,  it  was  concluded  that 
electrocatalytic  oxidation  of  the  chemisorbed  higher  alkenes  is  limited  largely  to  the 
olefinic  anchor  [214,215].  Electrochemical  oxidation  of  the  lower  alkenols,  such  as 
allyl  alcohol,  proceeds  to  completion  yielding  only  CO2  and  H2O  [214,215]. 
Evidently,  only  groups  that  are  in  close  proximity  to  the  electrode  surface  undergo 
anodic  oxidation. 

Early  studies  with  smooth  polycrystalline  based  upon  Pt  thin-layer 
electrochemical  techniques  and  ex  situ  IRAS  indicated  that  aromatic  compounds 
typified  by  1,4-dihydroxybenzene  (H2Q)  are  chemisorbed  in  discrete,  non-random 
orientations  that  depend  upon  interfacial  factors  such  as  temperature, 
concentration  and  electrolyte  coadsorption  [216-221].  Experiments  implemented 
with  well-defined  Pt(lll)  electrodes  ,  such  as  the  HREELS  data  shown  in  Figure  20 
for  H2Q  adsorbed  from  low  and  high  concentrations,  support  the  earlier  findings 
although  the  exact  conditions  at  which  the  multiple  orientational  transitions  occur 
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o  1  ^  i?T?T  <3  enorfra  of  adsorbed  1 4-dihydroxybenzene  (H2Q)  and  benzoquinone 

mn)  £  tom  W  mlf  HQ  B:  F^m  FO  BQ  solution.  C: 

^  ^  P'rnm  BOO  mM  HQ  solution.  Reproduced  with  permission  [23]. 
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are  different  for  the  polycrystalline  and  single-crystal  electrodes  [23,75],  The 
electrocatalytic  oxidation  of  multiply  oriented  aromatic  molecules  has  been  shown  to 
be  strongly  dependent  on  their  initial  adsorbed  orientations  [222-224],  For  example, 
flat-adsorbed  hydroquinone  is  oxidized  completely  to  CO2,  while  oxidation  of  the 

edge-oriented  chemisorbed  species  is  less  extensive. 

Sulfur-containing  compounds  investigated  included  thiophenol, 
pentafluorothiophenol,  2,3,5,6-tetrafluorothiophenol,  2,3,4,5-tetrafluorothiophenol, 
2,5-dihydroxythiophenol,  2,5-dihydroxy-4-methylbenzyl  mercaptan,  and  benzyl 
mercaptan;  chemisorption  of  these  compounds  occurs  oxidatively  through  the  sulfur 
group  with  loss  of  the  sulfhydryl  hydrogen  [85,195].  The  tethered  diphenolic 
moieties  in  the  adsorbed  dihydroxythiophenols  show  reversible  quinone/diphenol 
redox  chemistry. 

S-heterocyclic  compoimds  studied  were  thiophene,  bithiophene,  and  their 
carboxylate  and  methyl  derivatives  [225].  Experimental  evidence  indicates  that 
these  compounds  are  bound  exclusively  through  the  S  heteroatom,  although  the 
chemisorption  process  is  accompanied  by  desulfurization  reactions;  the  extent  of 
self-desulfurization  increases  as  the  adsorption  potential  is  made  more  positive.  The 
electropoljrmerization  of  3-methylthiophene  at  clean  Pt(lll)  and  monomer  treated 
Ptdll)  pretreated  has  been  studied,  and  the  properties  of  the  two  types  of  polymer 
film  were  compared  [225].  In  terms  of  the  HREELS  spectra,  two  major  differences 
were  noted  which  were  attributed  to  changes  in  the  physical  nature  of  the  polymer 
film,  such  as  swelling  or  losses  in  reflectivity,  and/or  to  excitation  of  phonon  modes 

in  the  polymer. 

The  chemisorption  of  pyridine  [226],  bipyridine  [227],  multinitrogen 
heteroaromatic  compounds  [228],  and  their  derivatives  has  been  examined  as  a 
function  of  isomerism  and  substituents.  Pyridine  forms  a  well-ordered  layer  of 
admolecules  chemisorbed  through  the  N  heteroatom  in  a  tilted  vertical  orientation. 
The  derivatives  are  coordinated  similarly  unless  the  ring  nitrogen  is  stencally 
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hindered  such  as  in  2,6-dimethylpyridine  where  chemisorption  is  in  the  flat 
orientation  via  the  jc-system  of  the  aromatic  ring.  P3rrazine,  pyrimidine,  and 
pyridazine  are  chemisorbed  through  only  one  nitrogen  heteroatom  in  a  tilted- 
vertical  orientation  [228].  For  their  derivatives,  adsorption  occurs  through  the  least 
hindered  ring  nitrogen.  Carboxylate  substituents  located  in  positions  ortho  or  meta 
to  the  nitrogen  heteroatom  interact  with  the  Pt(lll)  surface  at  positive  potentials, 
behavior  similar  to  that  shown  by  the  corresponding  pyridine  carboxylates.  Figure 
21  depicts  these  different  orientations.  The  chemisorbed  layers  were  disordered  as 
indicated  by  the  absence  of  LEED  patterns  and  were  observed  to  be 
electrochemically  unreactive.  The  adsorption  behavior  of  the  bipyridyls  is  also 
sensitive  to  steric  hindrance  at  the  positions  oHho  to  the  nitrogen  heteroatom  [227]. 

The  mode  of  chemisorption  at  well-defined  Pt(lll)  of  L-dopa,  L-tyrosine,  L- 
cysteine,  L-phenylalanine,  alanine,  and  dopamine  has  been  studied  [229,230]. 
Except  for  L-phenylalanine,  chemisorption  occurs  preferentially  through  the  -SH 
moiety  or  the  aromatic  ring.  This  is  as  expected  from  what  is  known  about  the 
relative  surface  activities  of  various  functional  groups  at  polycrystalline  Pt:  It  has 
been  empirically  determined  via  competitive  chemisorption  experiments  that  the 
strength  of  adsorption  decreases  in  the  order:  -SH  >  hetero  N  >  quinone/diphenol 
ring  >  C=C  >  benzene  ring  >  amine  N  (pH  7)  >  -OH  >  -C=0  [220]. 
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5.  SUMMATION 


The  principal  aim  of  modern  electrochemical  surface  science  is  the 
establishment  of  fundamental  correlations  between  the  structure,  composition  and 
chemical  reactivity  at  the  electrode-solution  interface.  Such  correlations  would 
permit  the  design  of  superior  electrode  materials  not  only  to  monitor  but  also  to 
control  important  electron-transfer  reactions.  It  is  evident  from  the  present  review 
that,  because  of  the  new  avenues  of  investigation  afforded  by  UHV-EC  techmques, 
significant  advances  have  been  taken  in  this  direction.  Experiments  can  now  be 
designed  to  determine  the  identity,  electronic  structure,  molecular  configuration, 
mode  of  surface  coordination,  enthalpies  of  adsorption,  and  the  two-dimensional 
arrangement  of  electrocatalytic  reaction  intermediates.  The  utilization  of  UHV 
methods  in  interfacial  electrochemistry  was  initially  restricted  to  only  a  few 
laboratories,  but  the  number  of  researchers  in  the  area  has  grown.  It  is  particularly 
interesting  to  note  that  surface  science  laboratories  which  previously  devoted  efforts 
solely  to  gas-solid  interfaces  now  apportion  significant  time  to  the  study  of 
electrochemical  phenomena. 

There  are  three  principal  functions  of  coupled  UHV-EC  experiments:  (i)  It  can 
be  used  to  prepare  unique  surfaces  of  well-defined  structure  and  composition  for  the 
performance  of  specific  electrochemical  tasks,  (ii)  It  can  be  employed  to  determine 
the  structure  and  composition  of  the  compact  layer  at  the  electrode-solution 
interface,  (iii)  It  be  exploited  to  monitor  the  composition  and  lateral  structure  of 
non- specifically- adsorbed  materials  in  the  diffuse  layer.  These  tasks  will  always  be 
in  demand  in  fundamental  electrochemical  investigations,  whether  they  are 
directed  towards  bioanalysis,  fuel  cell  technology,  or  materials  research.  It  therefore 
appears  certain  that  the  UHV-EC  approach  will  remain  invaluable  in  the  fiiture. 
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